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A bstract and Keywords
An increase in extreme hydrologic events relating to climate change necessitates the
evaluation of risk to public infrastructure to mitigate future damages. An integrated
infrastructure risk assessment methodology, measuring spatial vulnerabilities, is
introduced to determine the risk to each public infrastructure element using a novel
indicator: Risk Index. The methodology is applied to the City of London, Canada as a
case study generating a set of risk maps for five climate scenarios, showing the
overall risk to the municipality and each infrastructure type. Climate change is
predicted to increase the risk to the City infrastructure by approximately 75%. The
area at highest risk contains Broughdale Dyke and Adelaide PCP. Multi-objective
analysis shows that the introduction of socio-economic vulnerabilities changes the
distribution of risk in the city.

With a high preference placed on these

vulnerabilities, the area of highest priority becomes The Coves.

Key Words: flood risk assessment, floodplain management, spatial risk, climate
change, risk mitigation, geographic information system (GIS).
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C hapter One : Introduction
1.1

Background

Variability and changes in climate are having major impacts on hydrologic systems
across the globe. Studies suggest that one of the key impacts of climate change is an
increase in extreme hydrologic events such as droughts and flooding. The
Intergovernmental Panel on Climate Change (IPCC) (Bates et al., 2008) notes that
warming trends are linked to global changes in the hydrological cycle. These
changes demonstrate an increase in precipitation extremes, generating both
droughts and flooding conditions. This opinion is well documented in the scientific
community (Lemmen and Warren, 2004; Kharin et al., 2007; Roy et al., 2001;
Munich Re, 2010; Prudhomme, 2003; Tucker, 2000; Cunderlik and Simonovic,
2007).

Further study by Kharin et al. (2007) estimates that with each degree Kelvin
increase in global temperature, there will be a 6% increase in extreme precipitation
events. As a result of this increase in extreme precipitation, the IPCC concludes it is
very likely that the frequency of heavy precipitation events (and the fraction of total
rainfall made up of these events) will increase during the 21st century. This will
increase the risk of rain-generated flooding (Bates et al, 2008).
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Records show that the incidence of inland flood disasters has increased markedly
over the past half century.

In the period from 1996-2005 twice as many

catastrophic flood events occurred worldwide compared to the period from 19501980. In addition, the economic losses from these flood events increased by a factor
of 5 (Bates et ah, 2008). In Canada, the payments from the federal government to
provinces in the event of a natural disaster (Disaster Financial Assistance
Arrangements) during 1994-1998 were 10 times greater than the period before
(Tucker, 2000). One of the main reasons for this was the occurrence of two of the
most damaging natural disasters with respect to economic damages: the 1996 flood
in the Saguenay region, Quebec, and the 1997 Red River Valley flood in Manitoba
(Lemmen and Warren, 2004).

Figure 1 shows the fraction of natural disasters worldwide that were related to
hydrological events in 2009, and the overall losses incurred as a result, xpf the 860
events (which exceeds the previous 10-year average of 770 events), 39% were
related to hydrologic causes. This contributed 8 billion USD, or 16% of the total
losses due to natural catastrophes (Munich Re, 2010).
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Figure 2 further shows the contribution of hydrological events to the overall
number of natural catastrophes for the period from 1980-2009. It is evident from
this figure that hydrological events make up a large portion of global disasters and
are steadily increasing over time. This demonstrates the importance of further
study into the causes and predictions of future events as well as the future impacts
that can be expected with an increase in disasters such as catastrophic flooding.

The increase in losses as a result of events such as flooding is due to a number of
factors. The most common explanation is that socio-economic factors are the main
contributors including: population growth, a concentration of wealth in flood-prone
areas (high density urban centres) and an increased dependence on technology
(Munich Re, 2010; Bates e t al., 2008; Tucker, 2000; Iwan et al, 1999). As floodplain
management strategies are implemented, people feel more comfortable with
development in a floodplain. This leads to an increase of development ip high risk
areas and a false sense of security. Any failure or deficiency of the flood protection
network then has the potential to cause catastrophic damages.

Natural Resources Canada (NRCan) commissioned a study on the impact of climate
change on Canada and what adaptation strategies are necessary entitled Climate
change impacts and adaptation: A Canadian perspective (Lemmen and Warren,
2004). The study concludes that the most significant challenges facing Canada with
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respect to climate change result from an increase in extreme events such as
flooding, droughts and storms.

It is recommended that the best mitigation

strategies are those which increase the threshold or capacity of infrastructure to
deal with the extremes. In addition, Lemmen and Warren (2004) identified water
resources as one of the highest priority areas with respect to climate change impacts
and adaptation in Canada. This is a consistent conclusion among climate scientists
(Roy e t al, 2001; Munich Re, 2010; Bates e t a l, 2008; Tucker, 2000).

The expectation of increases in extreme events is demonstrated in the Upper
Thames River Basin (UTRB) - a watershed in Southwestern Ontario. In this region,
the main natural hazards are floods and droughts (Cunderlik and Simonovic, 2007).
With respect to flooding, the majority of the floods is driven by snowmelt and occurs
in March. Storm induced flooding is most common in August. Research done by
Cunderlik and Simonovic (2007) shows that climate change resulting ir^ increased
precipitation will affect the basin by causing an increase in the frequency of storminduced flooding. These findings are supported by Prodanovic and Simonovic
(2007) whose work demonstrates a decrease in return period for flood events
under a wet climate scenario.

Therefore, floodplain management is a very

important issue for Canada - especially in regions such as the UTRB.
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Two main concepts for dealing with floodplain management in view of climate
change are adaptation and mitigation. In this context, adaptation involves the use of
indirect and direct measures to adapt to the changing conditions (Lemmen and
Warren, 2004) while mitigation refers to action taken to minimize or lessen the
negative effects of climate change (Iwan eta/., 1999). The two are often used in
conjunction and both are necessary for the future welfare of Canada.

An example of mitigation is the Flood Damage Reduction Program (FDRP) which
was established in 1975 by the government of Canada to help with the increasingly
expensive flood disaster payments (Tucker, 2000). The goal of the program was to
reduce the amount of damage done in the event of a flood through the use of policy
and regulations. With the FDRP, the provinces are responsible for zoning floodprone areas and discouraging development within their boundaries. As a result in
the event of a flood, the government is not responsible for providing disaster
assistance to any developments within the designated floodplain that occurred post
zoning unless it had been flood-proofed to previously defined standards (Tucker,
2000).

The changing climate has wide reaching impacts on municipal infrastructure.
Infrastructure is traditionally designed using historical conditions. As a result of
this the changes in these conditions, be it more extreme storm events, drought
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conditions or temperature extremes, can cause major impacts (Auld, 2008).
Engineers Canada created the Public Infrastructure Engineering Vulnerability
Committee (PIEVC) to perform a nationwide engineering assessment of the
vulnerability of Canada's public infrastructure to changing climate. The committee
identified four priority areas for the assessment: buildings, roads and associated
structures, stormwater and wastewater systems and water resources (PIEVC,
2008).

The main finding of the assessment is that the failure of Canada's public
infrastructure due to changes in climate will become common (PIEVC, 2008). This
indicates that public infrastructure should be made a priority in future vulnerability
studies. The response of public infrastructure to changes in climate is an area of
research that is continuing to develop as more data becomes available.
\

A key strategy in the mitigation of climate change impacts relating to water
resources and flooding is risk management. This is "the systematic approach to
minimise disaster impact at all levels and locations in a given society" (Genovese,
2006). An important step in risk management is to perform a risk assessment.
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When used within the context of natural disaster risk assessments, risk is commonly
defined as the product of hazard and vulnerability as shown in Equation 1.1
(Simonovic, 2011):

Risk = Hazards x Vulnerability

1.1

A hazard refers to the probability and severity of the extreme event. For example, a
hazard could be identified as a 1 in 500 years flood event (also known as a 500 year
flood). Vulnerability can be measured in many different ways and refers to the
susceptibility of a system to damage and indicates the relative magnitude of failure
or damage that would occur if the object came into contact with the hazard
(Hashimoto, 1982). In the context of engineering infrastructure and climate change,
vulnerability is "the shortfall in the ability of public infrastructure to absorb the
negative effects, and benefit from the positive effects, of changes in the climate
conditions used to design and operate infrastructure" (Engineers Canada, ^007).

Thus a risk assessment is used to measure the likelihood and severity of a hazard
occurring and the corresponding structures that are exposed along with their
fragility (Iwan e ta l, 1999). Often risk assessments used for flood events focus
simply on the monetary damages side of vulnerability. Thus the risk assessment is a
flood damage assessment, and is based solely on quantitative data (Genovese,
2006).

9

The traditional approach to flood damage assessment follows that shown in Figure 3
provided by the flood damage guide for the Ontario Ministry of Natural Resources
(Water’s Edge, 2007).

Figure 3: Summary of steps in flood damage analysis (Water's Edge, 2007)
\

The hydrologic and hydraulic analyses are conducted to determine the hazard
frequency and severity. The survey of structures and subsequent processing of
damage curves are used to assess vulnerability. The final flood damage analysis is a
result of the intersection of the two. The flood damage assessment is often
performed for a range of hazard scenarios which results in an event/damage curve
(Apel et ah, 2004). These curves are useful for flood risk management.
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However, this process (currently used by the Ontario Ministry of Natural Resources)
only considers structures and does not take into account the other socio-economic
factors. Since flooding has a wide range of impacts on society, this type of
assessment does not accurately describe the total risk to a system.

A

comprehensive flood risk assessment must take into account all aspects of society
including climate, social, economic, institutional and technical factors (Genovese,
2006).

An important component of flood risk analysis is the spatial aspect. Since flooding is
by nature a spatial process, it follows that spatial tools are necessary to assess its
risk. The current state of these tools and procedures is discussed in section 1.3.
Spatial aspects of risk analysis include the mapping of risk. This is very important,
especially in decision making and planning, for large municipalities. The use of risk
maps allows for municipalities to prioritize their efforts in flood damage rpitigation.
With the expected increase in flooding and damages relating to climate change, it is
critical that municipalities have spatial flood risk assessments that take into account
the changing climate.

1.2

Organization

The introduction of this work examines the history of GIS and spatial analysis with
respect to water resources and risk assessment The body of the work is comprised
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of two main sections: a description of the methodology developed for assessing risk
to municipal infrastructure due to flooding and the methodology applied as a case
study to the City of London, Ontario. The former (Chapter Two) provides the overall
methodology which includes spatial and non-spatial computations. The focus of the
work is on the spatial techniques and their incorporation within the methodology.
This approach involves the use of GIS throughout all aspects of the assessment from
data gathering and input to data analysis to visualization of the results. In Chapter
Three the application of the methodology to the City of London expands on the
specific spatial analysis performed including the tools used and the significance of
the outcome for the region. Finally, the limitations and main findings are presented
with suggestions for future research.

1.3

L iterature R eview

Geographic Information Systems (GIS) store spatially referenced data and provide
tools to analyze it (Haklay, 2010). The information is stored in the form of files,
termed layers, which contain coordinates to identify the location of the object in
space as well as attributes of the object. These attributes are the characteristics of
the layer and are stored in fields. The fields may include such characteristics as:
name, length, area and so on. The layers can be combined to create larger databases
describing any system from a transportation network to a map of environmentally
sensitive areas.

The system has a wide range of uses which include data
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visualization, organization and storage, analysis and input to complex algorithms or
simulations (Lyon, 2003).

The use of GIS has evolved over time with the technology. As explained by Haklay
(2010) GIS was introduced in the early days of computing for use primarily by the
military.

Since then it has grown with technology and become an integral

component in the analysis and solution of many engineering problems. The first
major application of GIS for mapping was the creation of an inventory of Canada's
land resources led by Roger Tomlinson of the Canada Land Inventory in 1964.
Another key concept in the development of GIS, introduced by Ian McHarg in Design
with Nature (1969), was that of environmentally sensitive planning using the idea of
overlay. This overlay concept was then translated into one of the major analysis
techniques used in GIS today (Haklay, 2010).
\

Recently GIS has been used in spatial decision making. When considering risk,
spatial decision making includes such decisions as where and when to implement
mitigation based on varying assessment scenarios (Brimicombe, 2010). The major
mechanism for these decisions is termed spatial decision support systems (SDSSs).
SDSSs are comprised of a database management system, modeling functions and a
user interface - all of which must be able to handle and provide visualization of
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spatial data (Brimicombe, 2010). GIS is used within these systems, often coupled
with other tools for a comprehensive simulation of alternatives.

The use of GIS in the area of water resources is well documented by Lyon (2003). In
this collection of articles on GIS for water resources and watershed management it
is evident that the main applications of GIS in this area include delineation and
mapping of watersheds (Martz and Garbrecht, Queen, and Colby) and hydrological
analysis (Harvey, Miller, Mizgalewicz, and Warner). Spatial analysis techniques are
particularly useful in the mapping of floodplains for a river network. When coupled
with hydraulic models, GIS provides a powerful analysis tool for floodplain
delineation (Correia etal., 1998; Noman etah, 2001; Overton, 2005; Webster et al.,
2006).

However, the utilization of GIS in water resources engineering expands beyond
geographic and hydrologic analysis to the area of risk assessment and decision
support. This is a relatively new application of the technology within the field. GIS
is commonly used for risk modelling in other sectors such as earthquake hazards
and forest fire mapping (McMaster et. al., 1997) and is gaining momentum in the
area of flood risk assessment.

More specifically, GIS based decision making is

becoming more common in flood risk management. Decision making has many
uncertainties especially in areas that have large temporal and spatial scales.
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Flooding is one such phenomenon.

The risk associated with flooding is

characterized with spatial variability and interactions among the risk components
(Simonovic, 2009).

One of the major benefits to using GIS in flood risk management is its ability to
process spatial information. The compatibility between the natural flood process
and the GIS tools allows for better modelling of the flooding and, thus, a more
comprehensive flood risk assessment.

Some of the spatial variability includes:

topographical features, location and extent of hazard exposure and the interaction
between elements at different locations (Nirupama and Simonovic, 2002). GIS has
strong capabilities in processing spatial information and thus can be effectively
applied to flood risk assessments and aid in the decision making process.

Another advantage to using GIS in flood risk management is its ability to organize
and process large amounts of data from many different sources (Correia e t ai,
1998). This enables larger assessments encompassing more detail and information
without requiring much more processing time.

The ability to process data of

varying types with ease allows for results to be merged with additional data to
provide further meaning and act as a base for further analysis. Additionally, the
incorporation of GIS provides a method for visualizing the results of a risk
assessment which is of great importance for decision makers (Webster, 2006).
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The most common approach to spatial flood risk assessment is to calculate the
losses (or monetary damages) that are expected as a result of the flood. These
damages may be tangible (direct and indirect) or intangible (Lekuthai and
Vongvisessomjai, 2001). Direct damage is caused as a result of contact between the
hazard (here flooding) with the object of interest (for example structural damage to
a bridge deck), while indirect damage refers to losses such as loss of revenue or
productivity. Direct damage is measured and indirect damages are often calculated
as a percent of direct damage. The indirect damages are almost always less than the
direct damages (Water's Edge, 2007).

Additionally, damages can be spatial in nature. The spatial heterogeneity discussed
earlier means that flood damage must be examined spatially for a comprehensive
assessment.

Problems that are spatial in nature, relating to flooding, include:

varying levels of exposure depending on location, access to or from a structure (this
is especially important for evacuation), cascading failure - important for areas
protected by a dyke and the effects that changes (damage or mitigation measures)
applied to one location will have on another location. For example, damage to a
bridge will impact the location containing the bridge as well as all locations that are
reached via the infrastructure (Karmakar et al., 2008).
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Studies done by Fedeski and Gwilliam (2007), Carroll and Betts (2001), Yang and
Tsai (2000) and Lekuthai and Vongvisessomjai (2001), quantify the direct damages
due to flooding through the use of spatial techniques. These studies represent a
broad body of work on the topic of flood risk assessment and GIS, demonstrating the
main methods (and their shortcomings). The first two studies consider solely
buildings to quantify damages to the study area. The final two look at damages on a
broader scale. In all cases GIS is used as a means of extracting flood exposure
information and displaying the final damage spatially.

Fedeski and Gwilliam (2007) estimate losses by examining simply the building
structure cost (but neglecting contents and other factors). The risk calculation is
based

on the

exposure

of the

building to the flood and assumes an

exposure/damage relationship based on the value of the building structure. Carroll
and Betts (2001) perform the analysis on a property-to-property l^asis using
stage/damage curves. Depth of inundation and estimated level of point of entry to
the building are the key indicators of damage. GIS is used to extract these values and
calculate the risk. The result is then output spatially using GIS mapping.

Yang and Tsai (2000) also use stage/damage curves. A new model for flood risk
assessment termed GIS-based Flood Information System (GFIS) is introduced which
results in a damage/frequency curve that is applied per unit area. GIS is used to

17

combine stage/damage, stage/rainfall and rainfall/frequency curves to create the
final damage/frequency curve. Damage is then calculated based on area, inundation
depth and major land use.

This produces a broader representation of loss as

compared to the methods employed by Fedeski and Gwilliam (2007) and Carroll
and Betts (2001) which only consider buildings.

Lekuthai and Vongvisessomjai (2001) propose the quantification of intangible
damages by measuring the anxiety of the people exposed to flooding conditions
using an anxiety/depth and duration relationship. This approach is combined with
traditional damage calculation methods to produce a risk map detailing both
tangible and intangible damages. All of these methods produce results quantified in
dollar amounts.

Performing a risk assessment with the output expressed in dollars is a data
intensive process. High quality data are necessary to achieve meaningful results.
The limitations of these types of analyses are apparent in that to obtain these data
the study area must have extensive, detailed and accurate records. These records
are often extremely difficult, if not impossible, to obtain. The result is that the study
area is limited (Fedeski and Gwilliam, 2007) or broad estimations are made (Carroll
and Betts, 2001 and Yang and Tsai, 2000).
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With respect to the uncertainty associated with flood risk models and GIS, the
quality of the input data has a large impact on the accuracy of the final results (Apel
2004).

In addition, the uncertainty of the flood risk model increases further

downstream.

1.4

O bjectives & C ontributions

A study performed by the Canadian Foundation for Climate and Atmospheric
Sciences (CFCAS) found that flooding is the most critical climate change impact for
the Upper Thames River Basin (Cunderlik and Simonovic, 2005,2007; Prodanovic
and Simonovic, 2007; Simonovic, 2010). The results of this study were brought to
the attention of the London, Ontario City Council which resulted in the creation of a
two-phase climate change adaptation strategy for the City. The strategy was passed
by City Council in December, 2007. The first phase of the strategy calls for updating
the City’s IDF curves, investigating the increase of short-term capacity of the storm
water management system to allow for climate change, and undertaking a "general
risk and consequences analysis" (Natural Resources Canada, 2002) on City owned
infrastructure. The methodology developed in this research is the basis for this final
step in phase one of the City’s climate change adaptation strategy.

The research project commissioned by the City of London to the University of
Western Ontario termed The City o f London: Vulnerability o f Infrastructure to
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Climate Change consisted of climate modelling and hydrologic modelling of climate
scenarios, hydraulic modelling of the hydrologic output resulting in modified
floodplains, and a risk assessment of the public infrastructure within them. The
hydrologic and hydraulic modelling were performed prior to the work addressed in
this thesis and are detailed by Eum and Simonovic, 2009 and Sredojevic and
Simonovic, 2009. The final phase of the research project involved the development
of a risk assessment methodology and application of this methodology to the City of
London. This final phase is the work of which this thesis is comprised. Additional
multi-objective analysis is performed on the resulting risk assessment as described
further in this section.

A novel methodology is developed for performing a municipal infrastructure risk
assessment due to climate change with a focus on flooding. This aims to fulfill the
need for a comprehensive risk assessment methodology that may be applied to any
municipality for the purpose of aiding decision makers and thus influencing climate
change adaptation policy as it relates to floodplain management to mitigate risk.
The Risk Index (R) is introduced as a measure of infrastructure risk which enables
the prioritization of areas and elements that demonstrate high risk as a result of
flooding. This measure provides a means by which risk to municipal infrastructure
is quantified for each infrastructure element that is then used in decision making.
This is a novel approach to municipal risk assessment.
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This research aims to improve and expand upon the use of spatial techniques in
municipal infrastructure risk assessments with respect to flooding. As explained
previously, in the area of water resources G1S has traditionally been used to perform
hydraulic analysis and is becoming more prevalent in damage assessment. This
work introduces the use of GIS as a tool throughout the municipal infrastructure
risk assessment in the area of floodplain management.

The assessment of the

spatial variability of risk is performed which is critical for municipalities in the
decision-making process.

Spatial variability is important for planning and

identifying priorities. The methodology provides a novel procedure for spatially
assessing climate change induced flood risk, as well as integrating this spatial risk
among varying infrastructure types into one measure. It is expected that the results
of spatial assessments of climate change induced flood risk will directly serve the
development of climate change adaptation measures on the municipal level.

Finally, the methodology is applied to the City of London, Ontario. This is the first
time a citywide assessment of municipal infrastructure risk due to climate change
has been applied to London. The use of multi-objective analysis to evaluate the
effect of socio-economic vulnerabilities on the prioritization of high-risk areas is
introduced.

The final results from the assessment are presented and conclusions

are drawn on the limitations of the methodology, the tools and the data.
Recommendations for further research show the potential for further development
of the tools used and the ability to apply the methodology to other municipalities.
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C hapter Two: M ethodology__________________________________
2.1

C omprehensive R isk A ssessment

Current risk assessments at the municipal level tend to quantify risk based on landuse over a certain area [Genovese, 2006 and Yang and Tsai, 2000) or on the
exposure of buildings (Fedeski and Gwilliam, 2007; Carroll and Betts, 2001). While
these are important first looks at the overall risk to a municipality, they do not
provide further information on an elemental level with respect to the specific
infrastructure at risk. Further, the flood risk assessments use current floodplains,
which, for some regions, do not accurately represent the changing flood patterns
that result from climate change.

This research provides a comprehensive spatial flood risk assessment methodology
to evaluate the risk to each infrastructure element within a municipality given
varying climate change scenarios. Figure 4 provides a visualization of the entire
study methodology for which the infrastructure risk assessment is the final portion
(and focus of the thesis). The methodology is designed for floodplain risk
assessment. However, it has the potential to be adapted to evaluate the risk from
other climate change hazards such as changes in temperature extremes.
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The main steps in the climate change infrastructure risk assessment are:
1) Selection of climate models; climate modelling and downscaling for the
region of interest
2) Integration of output from global climate models and locally observed
weather data for input to the weather generator - generate two climate
scenarios using K-Nearest Neighbour (K-NN) algorithm
3) Hydrologic modelling to transform precipitation data from weather
generator to runoff and streamflow data for the region with Hydrologic
Engineering Center's Hydrologic Modeling System (HEC-HMS) - use as input
for hydraulic modelling
4) Hydraulic modelling takes streamflow data from hydrologic model to
generate water surface profiles for each climate and event scenario using
Hydrologic Engineering Center's River Analysis System (HEC-RAS)
5) Water surface profiles (floodplains) imported to GIS form basis for
\
infrastructure risk assessment
6) Data collection on municipal infrastructure for specified region
7) Calculation of risk index for each infrastructure element, for each flood
scenario
8) Aggregation and mapping of risk indices across the region display the overall
risk to municipal infrastructure across the city due to flooding as a result of
climate change
9) Rank areas of high risk using multi-objective ranking to include socio
economic factors
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Figure 4: Climate change flood risk to municipal infrastructure study procedure

Climate Modelling and Floodplain Delineation
As previously mentioned, this research is part of a larger study performed as a
follow-up to the CFCAS project entitled: "Assessment of Water Resources Risk and
Vulnerability to Changing Climatic Conditions" (Cunderlik and Simonovic, 2005,
2007). The CFCAS project identifies flooding as the most critical result of climate
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change for the Upper Thames River Basin (UTRB). Due to these findings, the risk
assessment for municipal infrastructure is performed using the hazard input from
newly generated floodplain maps that result from the previous research on climate
change and flooding in the basin. Eum and Simonovic (2009) and Sredojevic and
Simonovic (2009) provide more detailed information on the climate modelling and
subsequent floodplain generation respectively.

Due to the uncertainties associated with climate modelling, it is strongly suggested
to consider a range of climate scenarios derived from different global climate
models (GCMs) and to not base adaptation policies on results from only one
scenario (Prudhomme, 2003).

Thus, to provide the most comprehensive

assessment of flood risk due to climate change, a range of climate change scenarios
are selected.

After Simonovic (2010) two climate scenarios are chosen which

represent an upper and lower bound of potential impacts resulting from climate
change.

The input for modelling the scenarios comes from historically observed data in
addition to input from global climate models (GCMs).

There are many GCMs

available to choose from as shown in Figure 5 (Simonovic et. al., 2009). The choice
is made based on the fact that one GCM represents the minimum or lower boundary
and the other represents the maximum or upper boundary of climate impacts. By
using this range of possible outcomes, the uncertainty in the climate modelling is
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mitigated. These uncertainties stem from the model itself, the scenario used in the
model and the model’s resolution (both spatial and temporal) (Simonovic, 2010).
Using these two bounding scenarios as input, the result is a risk assessment
providing the minimum and maximum risk that can be expected as a result of
climate change.
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Figure 5: Range of mean precipitation values for numerous GCMs. The chosen upper
bound scenario (CCSRNIES B21) and lower bound scenario (CSIR0M k2b_Bll_PR)
are shown in red (Eum and Simonovic, 2009).

Once the two GCMs are selected, their output, along with locally observed
meteorological data, is used as input to a weather generator (WG) that produces two
climate scenarios. Both scenarios are equally likely to occur, as are any scenarios
which fall between the lower and upper bounds. The integration of the GCMs and
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observed historical data ensure that the scenarios are created using all available
climatic data - both globally (GCMs) and locally (observed).

As explained by Eum and Simonovic (2009) the two scenarios chosen for this
research study are derived a) from the integration of historically observed local data
from the period 1964-2006 and b) the outputs from the GCMs CSIROM2kb and
CCSRNIES for the grid cell containing the UTRB. The two scenarios are termed the
climate change lower bound scenario (CC_LB) and the climate change upper bound
scenario (CC_UB). CC_LB is characterized by cooler, drier periods while C C JJB is
characterized by warmer periods with an increase in the magnitude of rainfall.
CC_LB is from CSIROM2kb: scenarioB ll while C C JJB is from CCSRNIES: scenario
B21.

Since the GCMs are on a global scale, a method is needed to bring the data to a
regional level.

A WG, using the K-Nearest Neighbor (K-NN) algorithm is the

preferred downscaling method. There are two main benefits to the use of K-NN: i) it
is a fairly simple computational procedure and ii) it preserves the temporal and
spatial correlation of the input data well (Eum et. al., 2009). The weather generator
produces synthetic weather data for a region given output from GCMs and locally
observed data. The K-NN algorithm may be described as a complex random number
generator (Eum et a l, 2009). It functions by selecting a specified number of days
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from the observed regional dataset which exhibit weather characteristics
statistically similar to a randomly selected "current day". A resampling procedure is
then used to select one of these similar days to be the next day in the algorithm.

The K-NN algorithm used in the study is formulated by Yates et al. (2003); modified
first by Sharif and Burn (2006) and modified again by Eum and Simonovic (2009). It
uses and generates three variables: precipitation, minimum temperature and
maximum temperature. The data is taken from 15 stations across the UTRB over 43
years (1964-2006) to simulate 200 years of weather scenarios for the basin (Eum
and Simonovic, 2009).

The precipitation values are then used as input to the

hydrologic modelling to generate streamflows for the UTRB for each climate
scenario.

The hydrologic modelling was done by Eum and Simonovic (2009) with the
Hydrologic Engineering Center -Hydrologic Modeling System (HEC-HMS) to process
the precipitation data received from the WG.

HEC-HMS is hydrologic modeling

software developed by the US Army Corps of Engineers (USACE) that simulates
runoff given precipitation data (USACE, 2010b). This runoff is transformed into
streamflows for the river. This study uses an event version of HEC-HMS to analyze
the high flows which cause flooding in the river basin, by simulating short rainfallrunoff events (Eum and Simonovic, 2009). Events are defined by having at least 5
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hours between them with no precipitation. Since the objective of the study is to
focus on extreme annual flood events, a 5-day extreme event that produces the
largest annual event for the basin is chosen (Eum and Simonovic, 2009). The input
to HEC-HMS is 200 annual precipitation events for two climate scenarios - wet
(upper bound) and dry (lower bound). The streamflow values are calculated for
each sub-basin and control point and the peak flow values are extracted.

The

Gumbel distribution is used to obtain the flood frequencies, with the final output of
100 and 250 year flood data.

The output from the HEC-HMS model is streamflow

data for all input cross sections which is used as input to the hydraulic modelling
resulting in floodplain delineation. Figure 6 shows the flow frequency along the
North, South and Main Thames (at the Forks) branches for each scenario. From
these graphs it can be seen that the historic 100 year and 250 year events become
more frequent with the upper bound climate scenario.

\
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a) North

b)

South

2500

Raturn Periods

c) Forks
Figure 6: Flood frequency for upper (wet) and lower (historic) bound climate
scenarios (adapted from Eum and Simonovic, 2009)

The output of the hydrologic modelling consisted of streamflows for the Thames
River and its tributaries. The modelling did not take into account the overland flow
that can be expected to occur. Due to the small study area it is expected that the
conditions leading to a 100 and 250 year flood event will be local and will therefore
contribute to overland flooding.

Overland flooding results from precipitation

generated runoff causing localized flooding in areas outside of the modelled
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floodplain. Since the hydraulic modelling used the hydrologic output (streamflows)
as its sole input, localized flooding due to overland flow is neglected.

The

implication of neglecting localized flooding is that the modelled floodplains will
underestimate the total flood area that could be expected in a 100 and 250 year
event.

The hydraulic modelling performed for the case study described in Chapter Three
was carried out by Sredojevic and Simonovic (2009). USACE's model HEC-RAS (HEC
River Analysis System) was used to generate the water surface profiles given the
streamflow data as input. HEC-RAS performs a one dimensional, river hydraulic
analysis of steady or unsteady flow (USACE 2010a). A GIS extension of HEC-RAS,
HEC-GeoRAS was used to process the terrain data. HEC-GeoRAS is a set of tools
designed to process geospatial information in GIS to be used within HEC-RAS
(USACE, 2009). This allows for accurate terrain data to be used in the floodplain
modelling. The output of the hydraulic model (flood extent) is exported to GIS to
generate a water-surface profile and raster-based layer of flood inundation (a
water-depth grid). This floodplain data forms the basis of the hazard input to the
infrastructure risk assessment. It is used to extract the inundation depth and extent
at each location of interest in the assessment. The floodplain delineation is done for
each scenario within the municipal boundaries of London, Canada. Figure 7 shows
the flood delineation for both 100 year scenarios near Clarke Road and Parkhurst
Avenue.
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Figure 7: 100 year upper [orange) and lower [blue] bound scenarios floodplain
delineation

Figure 8 shows the flood delineation for both 250 year events near the Vauxhall
pollution control plant. Figure 9 is an example of the water depth grid generated for
the 250 year upper bound event near the West London Dyke.

32

Figure 8: 250 year upper (blue) and lower (yellow) bound scenarios near Vauxhall
pollution control plant

Figure 9: Flood inundation depth near the West London Dyke for the 250 year upper
bound scenario
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The areas flooded by each scenario are shown in Table 1 below. From the table it is
evident that the flooded area increases from the lower to the upper bound scenarios
for the 100 year and 250 year return periods.

The flooded area increases by

approximately 11% from the 100 year lower bound to upper bound scenario and by
approximately 7% from the 250 year lower bound to upper bound scenario.

Table 1: Summary of hydraulic modelling results under climate change (modified
from Sredojevic and Simonovic, 2009).

River/Creek

Main Thames
River
North Thames
River
South Thames
River
Medway Creek
Stoney Creek and
Tributaries
Pottersburg Creek
Mud Creek
Dingman Creek
and Tributaries
Total Area

Area of Flooding (m2)
Lower Bound Climate
Upper Bound Climate
Scenario (CC_LB)
Scenario (CC_UB)
250-Year
100-Year
250-Year
100-Year
Return
Return
Return
Return Period Period
Period
Period
2,717,208

3,189,657

3,228,637

3,342,766

4,951,784

6,144,150

6,237,229

6,497,384

2,676,651
1,143,686

2,886,324
1,219,177

2,885,980
1,170,080

3,128,588
1,242,106

974,141
2,853,112
72,339

1,030,558
3,069,149.00
124,241

1,008,950
3,063,310
123,697

1,104,061
3,283,552
226,260

7,550,220
22,939,441

8,302,463
25,965,719

8,011,897
25,729,780

9,061,872
27,886,589
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Integrated Infrastructure Risk Assessment
The next section of the process as shown in Figure 4 is the infrastructure risk
assessment (steps 6, 7, 8 and 9). This involves the use of GIS as a tool for collecting
and organizing data in the beginning stages, analyzing and exporting the hazard
data, analyzing and exporting the vulnerability data, and finally presenting the
results spatially. Compromise Programming is used in the multi-objective analysis
performed in step 9.

The risk is calculated for each item of infrastructure (be it a bridge, section of road
or building) termed infrastructure elements. The values can then be aggregated to
determine the overall risk to the municipality. The highest at-risk areas are then
selected and ranked by various socio-economic factors using Compromise
Programming (Simonovic, 2009). The ranking enables decision makers to have
input on which factor is most important to them. This is useful for decision and
policy making in terms of mitigating future disasters and adapting to climate
change.

The output of the methodology is the spatial visualization of risk in the form of
colour-coded risk maps. These maps display the risk to the specific infrastructure
and the risk across a wider region for each climate scenario. In addition, the highest
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at-risk areas are ranked using multi-objective analysis to include socio-economic
factors.

Risk Index
A novel indicator is introduced to assess the risk to each infrastructure element.
This original indicator is termed the Risk Index, R. The risk index allows for the
comparison of risk across each infrastructure category and can be aggregated to
show the risk to a region.

The index incorporates both the quantitative and

qualitative risk to address the objective and subjective uncertainties in the data. It
is used to prioritize the infrastructure across a region. The mathematical expression
of the index is:
3
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[ . ]
i= l

Where
Rkeqj

is the risk index for each infrastructure element of type k in dissemination area

q;
q is the dissemination area;
j is the climate scenario;
P is the probability of occurrence of the hazard event (dimensionless);
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EFjike is the economic factor for each climate scenario, j, impact category, i,
infrastructure type, k, and each infrastructure element, e (dimensionless);
IMjike is the impact multiplier (fraction of damage sustained for each scenario,
impact, infrastructure and element);
e is the infrastructure element;
k is the infrastructure type (building=l, bridge=2, barrier=3, critical facility=4,
pollution control plant=5 and road=6); and
i is the impact category, from 1 to 3, representing function, equipment/contents and
structure, respectively.

The spatial unit used for risk index calculation is a dissemination area (DA). This
area is defined by Statistics Canada as "a small, relatively stable geographic unit
composed of one or more adjacent dissemination blocks. It is the smallest standard
geographic area for which all census data are disseminated" (2007a). Dissemination
areas are chosen as the spatial unit because of their usefulness in data analysis. As
the definition suggests, they offer the highest resolution for which spatial analysis
using any Statistics Canada data may be performed.

This allows for the risk

assessment to be combined with any Statistics Canada data such as socio-economic
vulnerability indicators while maintaining the maximum spatial resolution.
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In addition, the DAs are created based on population (400 to 700 persons) and
respect census boundaries (Statistics Canada, 2007a).

This means they will be

stable and minimize data suppression. Figure 10 shows the DA boundaries for the
City of London, Ontario which were used in the case study. The most recent count of
DAs in Canada (November 2007) is 54, 626 (Statistics Canada, 2007b). The Thames
River and Dingman Creek are shown on the figure for reference.
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Figure 10: Dissemination Areas for the City of London, Ontario as of 2007
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To display the results spatially over a DA, an aggregated risk index is required. This
index is calculated by summing the Rkeqj for each infrastructure element, e, and type,
k that are within each DA, q for each climate scenario, j. The modified risk index
Equation, per DA and climate scenario is:
f
[ 2 . 2]

Where
f is the number of infrastructure elements of interest

Spatially, the methodology must define and analyze the following sets of data:
J: the geographic area covered by the floodplain for a given climate scenario;
Q: the dissemination areas within the boundaries of J;
K: all infrastructure types contained in Q (from 1 to 6 as described in
Equation 2.1); and
E: all infrastructure elements for each set of K.
Mathematically, the relationship between all classes of data is described by the
following set notation:
EcKcQcJ

[2.3]
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The risk index is calculated for each element of each set. By summing the risk
indices within the set the total risk may be found for any set, up to and including
each climate scenario, J.

Figure 11 shows the overview of the risk assessment procedure. What follows is a
brief description of Equation 2.1 and definitions for the purpose of clarity in future
methodology descriptions.

For a more detailed explanation of the risk index

calculation refer to Peck (2011).

/

Input
• Probability
• Impacts
• Loss o f Function
• Loss o f
Equipment
• Loss o f
Structure
• Economic
Factors

V

__________________

\

Output
----------------------------S

Risk Index
(Equation 2.1)
V_____________________________

J

)

• Risk Tables
• Risk Maps
• Ranking of highrisk areas

V_______________________J

Figure 11: Risk assessment general process

The general process involves first determining the variables and constants to be
used in the Risk Index Equation (2.1). These input variables are: the probability,
impact multipliers and economic factors. Once these have been determined the risk
index is calculated. The risk indices are then tabulated and displayed in risk maps.
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Finally, the high-risk areas are selected and ranked using varying weighting
schemes with socio-economic factors to aid in the decision making and climate
change adaptation.

The methodology follows the risk-based floodplain management practice that is
described by Sayers e t al. (2002). That is, the hazard magnitude and frequency is
identified and the potential consequences and impacts are evaluated and combined
with the depth/damage curves. This leads to the creation of a damage/probability
relationship which can be used in floodplain management. The process is illustrated
by Figure 12 (modified from Sayers et al. 2002).

The first term in Equation 2.1 is probability of occurrence, P. The probability of
occurrence in this case is the return period of the flood event. This measures the
likelihood of the event occurring.

For example, a return period of 100 years

indicates that there is 1 in 100 (0.01) probability of a flood occurring in any given
year. This is also known as the 100 year flood. Similarly, for a 250 year flood, the
probability of occurrence is 1 in 250 (0.004). For each return period of interest, the
hydrologic and hydraulic modelling is carried out, resulting in water surface profiles
for each flood event. The infrastructure risk assessment is repeated in its entirety
for each water surface profile generated by the hydraulic analysis.

The water

surface profiles are generated using HEC-GeoRAS as mentioned in the previous
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section: climate modelling and floodplain delineation.

Each water surface profile

describes the set, J. Therefore there are 5 such sets: Ji:Js.

Figure 12: Graphical representation of risk index calculation (modified from Sayers
e t al., 2002)
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section: climate modelling and floodplain delineation.

Each water surface profile

describes the set, J. Therefore there are 5 such sets: Ji:Js.

Figure 12: Graphical representation of risk index calculation (modified from Sayers
e t al., 2002)
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The second term is the economic factor

(EFjike)

for each climate scenario, j; impact

category, i; infrastructure type, k; and infrastructure element, e.

The impact

categories refer to the response of the infrastructure to the hazard (denoted by the
stage - consequence curve in Figure 12).

As discussed in Chapter One,

infrastructure experiences varying failure modes during a flood event.

The

responses include both direct and indirect damages (such as loss of structural
integrity or loss of productivity, respectively). The research focuses on three major
impacts that a flood has on municipal infrastructure that are used to quantify risk.
These impacts are: (1) loss of function; (2) loss of equipment; and (3) loss of
structure. Loss of function (i=l) refers to the degree to which the infrastructure can
no longer perform to the level with which it was intended. This is a measure of the
fraction of function lost as a result of the flooding. The loss of function multiplier is
calculated using spatial analysis. The details of this calculation are presented in
section 2.2. Loss of equipment (i=2) measures the percent of equipment (nonstructural) that is lost due to inundation. Some infrastructure categories (bridges,
roads and pipe networks for example) do not have equipment and therefore this
impact is neglected. The final impact category, loss of structure (i=3), refers to the
fraction of physical structure lost as a result of the flood. 'Structure' is defined as
any permanent component of the infrastructure.

The economic factor is a measure of the economic cost (in 2009 $CAD) for the
particular infrastructure. This measure typically uses a percent estimate of indirect
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costs for loss of function, replacement value of the equipment or contents and the
replacement value of the structure for

E F jik e , E F j2ke

and

E F j3ke

respectively. The case

study in Chapter Three addresses specific details for the varying infrastructure
types.

The final term in Equation 2.1 is the impact multiplier

(IM jike).

There are three

impact multipliers considered which are associated with the aforementioned impact
categories. IMjike is the impact multiplier associated with loss of function; IMj2ke is
the impact multiplier associated with loss of equipment and IMj3ke is the multiplier
associated with loss of structure. These three multipliers are used to quantify the
effects of inundation or flooding on the infrastructure. Each multiplier is a number
belonging to [0,1] where 0 denotes no change (no loss of function, no loss of
equipment and no loss of structure) and 1 represents complete loss. The calculation
of the impact multipliers is explained in Section 2.2.

The measure of the impact multipliers can vary across the different infrastructure
types. To illustrate, every infrastructure element has a loss of function multiplier
and a loss of structure multiplier, but not necessarily a loss of equipment multiplier.
However, across any one type of infrastructure, the measure is consistent.
Qualitative data on the condition of the infrastructure, and its effect on the
infrastructure's response to the hazard, is captured within IMj3ke using fuzzy set
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theory and the fuzzy compatibility measure. For further information on the
qualitative calculation of IMj3ke refer to Peck (2011). The impact multipliers are
calculated for every infrastructure element (set E) of type k (set K), where set K has
6 classes: 1-6 as described in Equation 2.1.

Once each term has been determined and combined to calculate the risk index per
element, Equation 2.2 is used to determine the overall risk per DA (set Q). These
indices are then normalized (Equation 2.4) to allow for enhanced understanding of
the risk index.

The use of Equation 2.4 will assign a value of 0 to Rqj,min as the

minimum risk to any area is always 0. A limitation with using normalized values is
data suppression. In cases where there is a very large, dominant risk value, the
differences between the remaining values is minimized and some values are
suppressed to such small values as to become seemingly unimportant. Therefore, it
is necessary to also examine the non-normalized (original) values for use in
comparison between scenarios and for the Compromise Programming multi
objective analyses. Further discussion on the interpretation and presentation of
results is found in Chapter Three.
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_
Rqj R gj,min
qj ~ Rni
qj.max Rqj,min

[2.4]

Where
Rqj= the normalized risk index for dissemination area q, flood scenario j;
Rqj

= the aggregated risk index for dissemination area q , scenario j (Equation 2.2);

Rqj,mm = the minimum aggregated risk index across all dissemination areas in
scenario j; and
Rqj,max- the maximum aggregated risk index across all dissemination areas in
scenario j.

GIS is then used to process the Rqj to form the final risk maps. The maps display the
risk to each DA as a summation of the individual risk to each infrastructure item
within the boundaries (set Q).

Where an element crosses a DA boundary, the

infrastructure is assumed to contribute equal risk to both areas.

2.2

S patial Risk M ethodology

The need for spatial analysis in risk assessments is apparent as discussed earlier in
Sections 1.3 and 1.4. The spatial nature of flooding and its effects on municipalities
is best modeled using spatial techniques. In addition, it is important to understand
the spatial interactions that are present before, during and after a flood event for
best floodplain management (Sayers et. al., 2002). This section describes in detail
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the novel spatial risk analysis methodology that is developed for assessing the risk
to municipal infrastructure.

GIS as a Risk Assessment Tool
For the current research, GIS is used as a tool in performing flood risk assessment
on municipal infrastructure. It is especially suited to this analysis as it enables the
organization and processing of very large datasets. The capability of GIS to combine
data from many different sources also makes it a very powerful tool in the area of
floodplain management (Correia et a l, 1998). Another reason for choosing GIS as
one of the main tools in the risk analysis is for compatibility with the input data.
Since the hydraulic modeling was performed with HEC-GeoRAS, the hydraulic
output is floodplains and inundation depths stored as geographically referenced
files.

GIS is especially well-suited to the repetitive nature of the methodology. The steps
in the methodology need to be performed for each flood scenario of interest. The
scenarios may be repeated easily with the use of GIS since the same environment
can be set up and used for each scenario without needing to modify the
infrastructure data (only the hazard data requires modification). It also facilitates
the process of merging the input data (floodplains) with the infrastructure data to
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produce the final output (risk maps). Thus the spatial analysis methodology has
been designed with GIS incorporated for maximum efficiency.

The two major forms of data storage in GIS are vector and tessellation. Vector
representation stores the data as a point, line or polygon with a geographic
reference point. A tessellation is a grid (or mesh) which stores data. The mesh can
be regular (all elements are the same size and shape) or irregular (Brimicombe,
2010). A regular tessellation of squares is known as a raster. The data are stored in
square cells, with each cell spatially referenced and holding one value.

Thus the

raster shows an image of a line in pixels as opposed to one "smooth" line. The two
forms are useful in different applications. For geometric display and calculating
geometric properties such as length, and for network analysis the vector form is
most often used. The tessellation form is most often used for complex problems
requiring algebraic calculations to be performed spatially (map algebra) and for use
with remote sensing. Figure 13 shows a river as displayed by both layer types to
illustrate their unique properties.
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Figure 13: A river as portrayed in vector form (left) and raster form (right)
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The research uses both forms of data to generate the final risk maps. The majority
of the infrastructure data are acquired in the form of vector data while the
floodplain and topographic data are acquired in raster. Tools in the software allow
for the transformation from one data form to the other, as well as the integration of
both forms within one computational method. The software is used to edit, extract
and compile data for use within the overall risk assessment. Figure 14 shows the
integration of GIS with the infrastructure risk assessment. Chapter Three describes
the specific steps taken for the case study.

The GIS platform used in this research is ArcGIS 9.3 with the ArcEditor license. This
software was chosen due to availability and compatibility. As it is one of the largest
and most common platforms available the methodology can be applied without
difficulty to other projects. One limitation of this software is that it is not opensource and therefore may provide a barrier to groups not able to afford it. However,
GIS is inherently functional across many platforms.

Therefore the choice of

platform, while affecting the specific tools used, will not affect the final result
ArcGIS is also designed for compatibility with Excel. This makes it simple to export
and import data from one program to another to facilitate intricate analysis.
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Methodology
Figure 14 expands on the general process described by Figure 4 and Figure 11. It
shows the methodology undertaken to calculate the risk index for each
infrastructure element, for each scenario, beginning with the output from the final
hazard modelling - the flood extent and depth. The floodplain is calculated for each
flood event scenario. Thus the methodology is repeated for each of the 5 scenarios.

The first step in the methodology is hazard modelling.

The output from the

hydraulic modelling performed by Sredojevic and Simonovic (2009), using HECGeoRAS, are: i) a depth grid (raster) of the floodplain and ii) a floodplain boundary
vector layer. These two files are used together to form the basis of the input for the
risk assessment. Figure 15 shows an example of the depth grid and floodplain
boundary that are used in the methodology. This figure is of a 250 year flood event
modeled with the C C JJB scenario. It shows the inundation and extent of the North
Thames flooding near the University of Western Ontario (UWO). The details of the
floodplain and depth raster generation are found in Sredojevic and Simonovic
(2009).
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Figure 14: Integration of spatial analysis within risk assessment - dark grey boxes
show steps involving GIS
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Figure 15: The floodplain depth grid and bounding polygon for the C C JJB 250 year
flood along the North Thames at UWO

The second step is to pre-process the input data. GIS is used as a tool for pre
processing the spatial data files. To ensure compatibility between the files during
the analysis, it is required to assign each layer to a consistent coordinate system.
The purpose of the coordinate system is to identify or locate each data element in
space.

The coordinate system that was originally used to create the dataset should

be assigned to ensure accurate datasets. If the coordinate systems are not the same,
transformations may be performed to bring each dataset to a consistent datum. In
this context, datum is synonymous with g eo d etic datum which is defined as: “a set of
constants specifying the coordinate system used for geodetic control" (National
Geodetic Survey, 2001). Various datum are available including the North American
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Datum (NAD) 1927 and the NAD 1983. These datum identify the location of the
origin of the coordinate system. The NAD 1983 is used for this work. It is defined
by the National Geodetic Survey (NGS) (2001) as "the horizontal control datum for
the United States, Canada, Mexico and Central America, based on a geocentric origin
and the Geodetic Reference System 1980”. To project the map coordinates, a
projection system is required. This is referred to as a projected coordinate system
(PCS). The PCS used in this work is the Universal Transverse Mercator (UTM) which
divides the surface of the earth between 80 degrees south and 84 degrees north into
60, 6 degree longitudinal strips (zones) to define horizontal position. The zones
within 80 degrees south and 72 degrees north are further divided by 8 degrees
latitude. For example, the City of London, Ontario, falls within UTM Zone 17N. For
more information on the UTM system, refer to Langley (1998).

The data analysis portion of the methodology involves the concept of overlay which
is central to many functions in GIS. This concept is illustrated in Figure 16. The
bounding polygon layer showing the floodplain (a) is overlaid on the ortho-image
(b) resulting in a map showing both layers (c).
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►

Figure 16: Illustrating the overlay concept. The floodplain layer (a) is combined
with the ortho-image (b) to produce a combined map (c).

By overlaying the infrastructure data, the floodplain data and the ortho-imagery,
data is extracted for use in the calculation of the impact multipliers (next step).
There are two main overlay functions applied to features. The first is in tersect and
the second is union. Intersect is a Boolean AND function, meaning that it combines
the data from the input layers, and returns the features which overlap (or intersect)
in every layer. Conversely, union is a Boolean OR function. This means that it takes
the features from each layer and returns the entire feature as long as some part of it
overlaps with the other feature layers. This is illustrated in Figure 17, with: a)
overlaying 3 layers and (b) performing the intersect command or (c) union
command. Note that the intersect command returns only the data which overlaps
all layers of interest. The union command returns all data that is connected to the
overlapping layers.
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a) input layers

b) intersect

c) union

Figure 17: Illustrating the intersect (b) and union (c) of 3 layers (a)

Following the set notation put forth in Equation 2.3, the intersect command is used
find the extent of each type of infrastructure contained within each flood scenario.
This is represented by Equation 2.5 for a total of 30 intersections. This returns all
infrastructure types (and their subsets, E) within the floodplain boundary of each
scenario.

Extent of infrastructure inundation (E) = KHJ for Ki :K6 and Ji:Js

[2.5]

The next step is the calculation of the impact multipliers.

The first impact

multiplier,

IM jik e,

refers to loss of function as previously stated. The method for

which it is calculated depends on the infrastructure of interest. The main spatial
factor used for calculating IMjike for all infrastructure is the level of accessibility. For
all transportation infrastructure (roads, bridges, culverts and footbridges), the loss
of function is considered to be 1 (total) once inundation occurs, otherwise it is 0 (no
loss).

Therefore, by overlaying the floodplain bounding polygon with each
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transportation layer, the

IM jik e

value is determined (refer to Figure 18) .
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Figure 18: Extracting inundation lengths for roads

The function used to determine this is called "intersecting” the data. For example,
the roads are intersected with the floodplain (Kónj). The attributes of the resulting
layer (those roads that intersect with the floodplain) are exported to a spreadsheet
for processing, where they are assigned a value of 1. Buildings and critical facilities
are assigned an IMjike of 1 if they are inundated (intersection with the floodplain
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occurs) or if all possible access routes are blocked due to flooding. The critical
facilities can experience a partial loss of function if some, but not all, of the access
routes are blocked by floodwaters. The methodology assigns a fractional value for
IMjike depending on the total number of incoming or outgoing major routes, and
how many of those routes are flooded. This value is determined for Fire and EMS
facilities using Equation 2.6. The values for n and m are derived using visualization
of the spatial data.

IMjike —

(n —m)
n

[ 2. 6]

Where
k=4 (critical facility, from Equation 2.1)
n is the total number of major access routes; and
m is the number of routes obstructed by floodwaters;

To allow for partial loss of function if all major access routes are blocked, but the
building is still accessible from its driveway (i.e. the structure itself is not
inundated) the entrance to the structure is counted in the determination of n. In the
event where all of the major routes are flooded, but not the structure itself, IMji,4,e is
1/n where n is the total number of major access routes including the entrance to the
structure. As an example (Figure 19), there are 3 arterial roads leading from an EMS
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facility (n= (3+1) =4), and 2 of them are flooded (m=2). Therefore IMji,4 ,e for that
EMS facility is 0.5.

H>
4
1
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3

Figure 19: Calculating lMji,4 ,e for an EMS facility

In the case of hospitals and schools, the directionality of access is reversed. That is
to say that the nature of the facility is to admit people as opposed to sending out
resources. Thus the spatial methods for evaluating loss of function are modified
slightly so that n takes on the total number of intersections adjacent to the structure
property (as opposed to only the major roads).

The next spatial analysis step is to determine the extent and depth of inundation to
calculate IMj2 ke and IMj3 ke.

The extent of inundation is calculated for all

infrastructure layers using the intersect tool described previously.

For each

infrastructure type layer, the infrastructure is overlaid with the floodplain bounding
polygon (Equation 2.5). The intersect command returns only the infrastructure that
is inundated by the flood. The resulting layer has the attributes of each inundated
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infrastructure element.

To calculate the extent of inundation, there are two

techniques used depending on the type of input vector layer. For polyline files (eg.
roads) the command "length" is used. By creating a new field in the attribute table
for the file created by the intersect operation and using the field calculator
embedded in the G1S software, the length of each line segment is calculated. These
lengths are associated with each labeled segment and exported for input to the risk
index calculation. For polygon features (eg. building footprints) a new field is added
to the attribute table of the intersection result, and the field calculator is used to
calculate the area of each polygon. For example, let Ai be the inundated area of
building 1 which has a footprint, Fi. Then,

Ai = Finj for J1J5

[2.7]

Thus the calculation is executed 5 times for each flood scenario, returning 5
inundation areas for each building footprint.

These areas are returned and associated with each polygon.

The results are

exported for further analysis. The ability to calculate the length and area of each
flooded infrastructure element using spatial analysis tools decreases the
computation time and increases the precision of the results.
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To calculate the depth of inundation, the depth grid is required. Spatial analyst tools
are used to extract the depth for each infrastructure element.

Since the

infrastructure data is stored as features and the depth is stored as raster, some data
management is required. The first step is to transform all vector shapefiles into
point files. This is done because the raster extraction requires the vector to be in
point form. The point is used as a reference to tell the program which raster cell
value to return.

Since the datasets are all transformed to the same coordinate

system, the coordinates of a point in the vector file will identify the same
geographical location on the raster file. Thus, the depth at this point can be found by
returning the value of the raster cell at the given coordinates. Figure 20 shows the
overall process for depth extraction which is further described below.

First, the infrastructure file modified using the intersect command is checked to
determine if it is a point file.

If it is, the extraction can occur without further

processing. If it is not, the file is checked to determine if it is a line shapefile. If yes,
the line is broken into many points. The resolution for this is 1 point per metre of
line. This is chosen because the resolution of the hydraulic raster is 2m. Thus using
lm will provide a suitable balance between data retention and processing
requirements. A check is performed on this decision using 0.5m, lm and 2m spacing
for one scenario. It is found that the lm spacing is as accurate as the 0.5m while
requiring less processing time. The 2m spacing resulted in some data suppression.
The modified line file is now ready for extraction.
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Figure 20: Depth extraction process

The last possibility is that the shapefile is a polygon, in this case, the polygon must
be populated with points. There is a random point generator used for this process.
Each polygon is populated with 100 points. Similar to the line/point generator, a
number of simulations are run for differing points. Using less than 100 points
resulted in data suppression for very large polygons (eg. industrial buildings with
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very large footprints).

Using 1000 points was unnecessary and required a

substantial amount of processing power. Thus 100 points is chosen as a suitable
number of points that minimizes data suppression without excessive processing
requirements.

Using the raster extraction command, the depth raster is overlaid with the
infrastructure point file, and the value of the raster cell that is geometrically aligned
with each point is returned.

Thus the maximum depth of inundation for each

infrastructure element is determined and referenced to the element. These values
are exported to be processed in the calculation of the impact multipliers and,
ultimately, the risk index.

Once the risk index is calculated, the risk indices are combined for each
dissemination area (Equation 2.2). The final results are summarized in a table
which is linked to the GIS tools for ease of data management. Thus if any changes
occur to the input, which change the risk indices, the GIS will update automatically
to reflect these changes. The ability to connect the spreadsheet results with the
spatial analysis output is a powerful tool in the data processing. This facilitates re
calculation if any changes are made to constants within the risk index, or new data is
obtained. The use of the two systems together allows both systems to be used with
their best capabilities in a way that complements the other. In this way, the process
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may proceed in the most efficient manner. Large datasets are handled well in both
systems and are easily transferred.

To connect the spreadsheet program with the spatial analysis software is a fairly
straightforward procedure. The first step is to set up a connection on the hard-drive
using a driver linked to the data file. It is important that this file is marked as "read
only” so that the spatial analysis manipulation does not change the original
spreadsheet file. The second step is to format the spreadsheet data by identifying it
and putting it in the proper format to be input to GIS. The next step occurs within
GIS and is to add the file connection that was set up in the first step. This allows the
software to call files from that source. The new table can now be added into the
map from this connection. The final step is to link this table to a corresponding,
spatial layer containing the empty features which will be populated with the data
appended in the new table.

For this part, the table linked with the software contains the DAs and their total risk
indices.

The table is joined with the DA shapefile.

The result is a layer of

geographically referenced risk indices for the entire study region. The layer can
now be transformed and processed for optimal visualization of results. The use of
maps to display data is an essential form of result communication among decision
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makers. It is important that these maps are relevant and informative to the users
and convey the results in a meaningful manner (Armstrong and Densham, 2008).

The final risk index map is a vector layer that contains the DA polygons and their
total risk value. The maps are displaying the risk value for each subset Q. The risk
values are colour coded to display the range of risk found across the region. The
map is not raster based because the purpose of the spatial analysis is to take into
account the specific infrastructure elements in a dissemination area. A raster is not
the optimal choice for this because of its nature of storing one value in a cell, as
opposed to visualizing the risk as a combination of smaller risk values attributed to
specific infrastructure contained within and across dissemination areas.

This

concept is further illustrated in the case study.

There are different methods of classifying the data. Some things to consider when
choosing a method of classification are: the distribution of results, the maximum and
minimum number, number of data points and the purpose of the map.

As a result of normalizing the data from 0 to 1 across a scenario, any infrastructure
element with a very high risk compared to the other elements in that scenario, will
skew the data. Thus there may be a high variation in risk at the lower end of the
range, but not much variation in between. In this case, choosing an equal partition
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will result in data suppression and a very bland and uninformative map. Therefore,
using the classification system of Natural Breaks using Jenks Optimization produces
a better quality map. The Jenks optimization algorithm minimizes the variance
within a data class, while maximizing the variance between classes (de Smith et al.,
2009).

Studies have shown that 7 or 8 classes of data are the maximum

recommended for human understanding (Estivill-Castro, 1997). Thus a set number
of classes is chosen and the Jenks optimal algorithm applied. The end result of the
methodology is a set of risk maps for each climate scenario that detail the risk to
each infrastructure type, as well as to the region as a whole.

The risk maps

developed for the City of London, Ontario are shown in the next chapter.

The final step in the methodology is to apply Compromise Programming to a
selection of high risk areas in order to consider various socio-economic factors. The
software Compro is used to perform this task (Simonovic, 2009). Census data is
taken for each dissemination area and weighted along with the risk values, to see if
any changes occur. For example, an area may have a very high risk, but no social
vulnerability indicators. In this case, another dissemination area may be considered
more critical if it has high risk and high social vulnerability. A detailed example of
this analysis is presented in Chapter Three.
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Chapter T hree : Case Study of London, Ontario
3.1

Overview

The integrated risk assessment methodology introduced to calculate the flood risk
to municipal infrastructure due to climate change is applied to the City of London,
Ontario, Canada as a case study. The purpose of the case study is to test the
methodology and identify areas for further improvements.

The risk assessment

uses five scenarios that are developed for varying climate and hazard events. Thus
the outcome is a set of risk maps for each scenario. This study examines how the
current condition of the infrastructure affects its ability to withstand increased
loads due to flooding and the appropriateness of the structural design (capacity and
elevation) in relation to the modified design floods. The general findings are
summarized at the conclusion of the case study. This application of the methodology
is focused specifically on the spatial analysis techniques used during the assessment.

Each floodplain generated from the five climate scenarios is intersected with the six
infrastructure types.

The resulting subsets are further divided into specific

infrastructure elements (each building, bridge, culvert, barrier, critical facility,
pollution control plant and/or road) which are identified and classified with
inundation extent and depth. These depths and extents are then used to estimate
the damages that could incur as a result of inundation.

The risk indices are

calculated for each infrastructure element as a product of the probability of the

flood event (100 or 250 year event) and the consequences. The elemental risk
indices (for each element in set E) are summed for each set K (Equation 3.1), which
are further summed for each set Q (Equation 3.2):

/
[3.1]
Where f is the number of elements in E
6

[3.2]
K=1

Maps are produced which display the risk values of every Q (dissemination area) for
all climate scenarios, J. Conclusions are made based on the distribution of risk
throughout the City, and the changes in risk patterns between the five climate
scenarios.

The ten highest at-risk dissemination areas are chosen for further analyses based on
socio-economic factors.

These factors are: social vulnerability (using age and

parental status - i.e. single mothers as the indicators), economic vulnerability (low
income brackets) and environmental vulnerability (wetlands). All criteria (risk,
social, economic and environmental vulnerability) are weighted using varying
weighting schemes to simulate differing decision maker opinions. The results are
presented for the 100 CCJJB scenario which is found to be the most critical scenario
with respect to risk to municipal infrastructure within the City of London, Ontario.
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3.2

C limate C hange-Caused F lood Risk

to

M unicipal Infrastructure -

C ity of L ondon, Ontario
Study Area
The risk methodology is applied to the City of London, Ontario located in
southwestern Ontario, Canada (Figure 21]. The City has a population of over 352,
000 making it the 10th largest in Canada. The municipal boundaries encompass an
area of 42, 057ha within the Upper Thames River Basin. One of the key features of
London is the Thames River which originates in Mitchell as the North Thames and
flows south through Fanshawe Dam at the northern boundary of the city to the
downtown core where it is met by the South Thames branch at a location referred to
as The Forks. From here it continues as one river which flows southwest ultimately
emptying in Lake St. Clair. Figure 21 shows the Thames River and its tributaries.
The study area is highlighted by the circle in the mid-right of the figure.
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Figure 21: Thames River Watershed adapted from UTRCA Report Card on The Forks
(2007)

A previous project by the Canadian Foundation for Climate and Atmospheric
Sciences (CFCAS) performed a climate change impact assessment on the Upper
Thames River Basin termed "Assessment of Water Resources Risk and Vulnerability
to Changing Climatic Conditions” (Cunderlik and Simonovic, 2005,2007; Prodanovic
and Simonovic, 2007; Simonovic, 2010). This assessment identified flooding as the
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main climate change impact for the Upper Thames River Basin. This makes the City
of London an ideal location to test the methodology for assessing municipal
infrastructure risk due to flooding and climate change.

Historically, the City has experienced many flood events with the worst flood on
record occurring in 1937. This flood caused extensive damage to property with
over 1,100 homes and businesses affected (UTRCA, 1999). The hardest hit areas
included London West, Broughdale and Wellington Road. Figure 22 shows the
extent of flooding along Wharncliffe Road.

Other historical floods of note include

the Flood of 1883 and the Flood of 1947. After the Flood of 1937 the City put into
motion plans which eventually led to the construction of the dams and dykes which
are in place today. The UTRCA regulates the flow in the Thames. The major dam
regulating the flow of the river through the City is Fanshawe Dam. The dam and
dyke system protect a wide range of City infrastructure.
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Fanshawe is an embankment dam with concrete spillway controlling a drainage
area of 1, 450km2 at its outlet (Water Survey of Canada gauge 02GD003). A Dam
Safety Assessment Report (DSAR) recently concluded that while the dam is not
overtopped during the probable maximum flood, it does not have sufficient
freeboard (Acres, 2007). The total storage of the dam is approximately 35.6M m3.
Along with the dam, an extensive network of dykes protects the City from flooding
(refer to Figure 23).

Nelson-Clarence and Ada-Jacqueline are located along the

south branch. The north branch contains Broughdale dyke and the main thames
branch has Riverview, Byron and Coves.

The West London Dyke (WLD) was

recently repaired and some parts were replaced to make it a flood wall. This is the
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largest dyke in London and runs along the main branch and north branch at the
Forks, protecting the downtown. In total, the dyke network is approximately 5.5km
in length.

They are consistently monitored and maintained by the City and the

UTRCA.
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Figure 23: Dyke network in London, Ontario as of 2006

Though the City has put considerable effort into maintaining the floodplain lands as
parkland, a lot of development has occurred within these boundaries.

This

development puts the area at risk for higher damage should a large flood event
occur.
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The layer used as input for defining the study boundaries and for visualization of
land use is provided by the City of London and is an ortho-image flown in 2007
(Figure 24). The forks of the Thames are located in the centre of the image.

Infrastructure at Risk
The main infrastructure areas of focus are: transportation, buildings, sanitary and
storm network, pollution control plants and critical facilities. Table 2 summarizes
the quantity of major infrastructure within the City. There are over 3000 buildings
within the largest modeled floodplain.

Table 2: Infrastructure Summary
Infrastructure
Bridges & Culverts
Arterial Roads
Buildings
Sanitary/Storm Pipe Network
Pollution control Plants
Critical Facilities

Quantity (City-wide)
216
520km
>120 000 structures
> 1300 km
6
153

\
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Kilometers

Figure 24: Ortho-image of London, Ontario, 2007 (courtesy of Corporation of the
City of London)
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Critical facilities include schools, hospitals, fire stations and emergency medical
services (EMS). These categories are chosen to represent the majority of major
public and municipal infrastructure across the City that has the potential to be
affected by a flood. These infrastructure categories were chosen in conjunction with
City engineers and policy makers. For example, in the transportation category, the
transportation engineers recommended that only the primary or arterial roads be
considered. Each infrastructure element has a unique inundation response. The
failure mechanisms considered are explained briefly below.

Transportation
The transportation sector includes arterial or primary roadways along with their
associated structures such as bridges and culverts.

Road networks play a

particularly important role during a flood disaster. They are the most efficient
system for evacuations prior to the event and the main access for emergency crews
during the event. It is crucial that these networks be examined for areas of high risk
and addressed in a timely manner.

In London, there are over 520km of arterial

road network, 117 culverts, 99 bridges and 8 footbridges. Each of these structures
is included in the risk assessment.

The primary failure mechanisms of an asphalt concrete roadway (the surface of the
majority of primary roads in London) during or following inundation are due to
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scour. These failures include partial or total collapse, washout of the subbase, and
embankment failure. Other failures include surface damage from debris impact and
deterioration of the base and surface due to penetration and freeze/thaw action
should the inundation occur in freezing conditions.

One of the most common

impacts that occurs as a result of flooding on a roadway is the decrease of the road
design life (Mills, 2007). Therefore the impact of the flood on the road will not
always be visible, but is still occurring and will make the road more susceptible to
damages and thus require repair at a date earlier than planned for. It is important to
understand the effects of inundation to be better prepared for the consequences.

The bridges (including pedestrian) and culverts managed by the City are
documented in the Bridge Management System (BMS). All structures in the BMS are
included in the case study. Any bridges not in the BMS are considered private
bridges and are therefore not included.

The BMS contains information on

inspection, value and condition of the structures and is a valuable data source. It
indicates that the majority of the bridges are currently identified as being in good
condition.

The main failure mechanisms of a bridge during a flood are washout due to
embankment and/or pier scour that results from the fast moving water. In addition,
bridges and culverts are susceptible to damage from debris impact when the
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clearance between the infrastructure and the river surface is minimal (or zero).
Similar to a road, the functionality of a bridge is compromised once it is flooded.
Any inundation will cause the bridge to be closed which can cause additional risk if
the bridge is the major evacuation route or an alternative is not nearby. Should a
culvert become blocked due to debris, or if the flow exceeds the capacity, a damming
effect is possible. The result of this includes ponding across a road or further
inundation of areas upstream.

According to the City of London's Transportation Master Plan (TMP) (2004) the
main mode of transportation among citizens is the use of private vehicles.
Therefore the maintenance of the transportation network is critical to the City’s
functionality. In addition, the TMP recommends the City budget $16.6 Million per
year for maintenance and repair, and $17 Million per year on enhancing capacity
over the next two decades. Due to the size of this investment and importance of the
network, it is strongly suggested that the department be aware of the risks
associated with increased frequency of extreme flood events.

Buildings
Flooding has the potential to cause devastation within London due to the high
density of development in the downtown area surrounding the Forks.

The

structural damage due to inundation of residential, commercial and industrial
facilities is typically determined through the use of stage damage curves as
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discussed previously.

The damage is dependent on the depth and extent of

inundation, structure type, age, material and condition of the building. There are
approximately 3,000 buildings affected by the climate change adjusted floodplains.
The majority of these buildings (2, 823) are residential.

Of the residential

properties affected, 85% consist of single family detached homes and residential
condominiums.

The average age of the structures is 52 years. Additional impacts

of flooding on the structures include a loss of access for commercial and industrial
facilities resulting in lost productivity and revenue. The structural information for
industrial facilities is not widely available.

For these structures, damage

information can be estimated based on event occurrences at similar facilities in the
past (Water’s Edge et. a l, 2007). Typical damages resulting from inundation to
industrial properties includes loss of mechanical and electrical equipment.

Sanitary and Storm Network
The stormwater system in London consists of a network of sewers, manholes,
outlets and stormwater management facilities. There is over 1300km of storm
gravity sewers, 6.7km of combined sewers, 18, 472 storm access holes and 100
stormwater management facilities (SWMFs).

A flood affects the stormwater

network by overwhelming the system. This causes backup along pipe networks
leading to localized flooding around manholes and inlets.

Where no backflow

preventers are installed, combined sewers can back up into basements causing
major damage to buildings and unsanitary conditions.
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There are two main flooding mechanisms - overland flooding and river flooding due
to banks overtopping. This study considers the flooding from the river only. Thus
the infrastructure affected by the flood resides within or in close proximity to, the
floodplain. Therefore, SWMFs are not included in the risk assessment. Further
work is recommended to model the effects of overland flooding and ponding on the
stormwater network. The final risk maps include an overlay of the pipe networks to
identify the intersection of vulnerable storm systems with high risk areas.

Critical Facilities
The critical facilities are defined in this study as the structures providing essential
or emergency services. This includes: schools, hospitals, emergency medical service
(EMS) buildings, fire stations, pollution control plants and police stations. These
structures are considered separate from residential, commercial and industrial
structures, due to their importance in the event of a flood.

Spatial analysis is

important in the determination of functionality since many of these facilities do not
experience actual inundation but are located in close proximity to the flooded area.
Therefore the traditional method of calculating the risk due to intersection with the
flood is modified to include proximity to the flood where necessary.

Equipment and structural damage are expected in the event of inundation. The
functionality of the facility is impacted depending on its proximity to the floodplain.
Facilities which admit people (such as hospitals and schools) must be accessible
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from a number of different routes. For hospitals, the ambulances as well as the staff
must have access to the building in order to maintain its operations. The inflow of
patients may increase and the hospital must be equipped to deal with this influx.

Fire stations, EMS and police facilities must have major access routes open in order
to respond to distress calls during and after a major flood. Similar to the hospitals,
the emergency workers and staff must be able to access the building. An increase in
demand coupled with a decrease in available access routes will increase the risk to
the infrastructure and surrounding area in the event of a flood.

It is assumed that schools are closed/evacuated in the event of inundation;
therefore experiencing total loss in functionality of the facility. If the structure is not
inundated, the loss of function is affected in a manner similar to that of other critical
facilities which is proximity to the floodplain. The loss of function is based on school
bus access, walking access and the level of safety. Equipment loss can be great
considering the nature of the facility and its technical equipment (computers, shop
classes) and books. The structural failure mechanisms for all buildings are similar
and are determined using stage/damage curves provided by the Ministry of Natural
Resources (Water's Edge et. al. , 2007).
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Pollution control plants (PCPs) are located in low-lying areas close to the river due
to the nature of their design and function; as such they are highly vulnerable to flood
damage.

The largest vulnerability is the electronic equipment.

The Water

Environment Research Foundation (2005) found that even four feet of water is
enough to short out all electronics in a plant that has not been flood-proofed.

In

addition, damage occurs from silt deposit and debris interfering with the systems
and equipment.

The loss of function to a PCP can range from partial to full

depending on the extent of inundation.

Spatial analysis is an integral part of

determining this loss of function value.

For example, if only the secondary

treatment system is inundated, the primary system may still be operable. It should
be noted that this still contributes risk to the system since depositing sewage which
has only undergone primary treatment into the river is undesirable. In addition, if
the inundation causes the outflow to back-up to the plant, a full plant bypass is
necessary. The significance of a plant bypass is that for the duration of the high
water levels, the raw sewage will be discharged directly to the river.

The

combination of water depth and visual inspection through the application of spatial
analysis is used to determine the degree of failure expected from the plants.

Within London there are 6 PCPs: Southland, Greenway, Vauxhall, Oxford, Adelaide
and Pottersburg. Combined, the total capacity of the system is approximately 266
cubic metres/day with an average actual flow of almost 216 cubic metres/day (City
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of London, 2009). Due to their location within the floodplain, access to the plants in
the event of a flood is cause for concern.

Climate Change - Induced Flood Risk Assessment
The procedure for performing the flood risk assessment is as follows:
1) Assemble the data
2) Pre-process the spatial data for input in further analysis
3) Prepare the floodplain input for analysis
4) Combine the floodplain input with the infrastructure data
5) Extract the depths of inundation for each infrastructure element
6) Extract the area or length of inundation for each infrastructure element
7) Export results to be processed in the risk index calculation
8) Import final risk indices to be presented as risk maps
9) Generate maps displaying the risk index for each dissemination area
10) Rank the highest at-risk dissemination areas according to socio-economic
factors.

1: Assemble the Data
The nature and quality of the final output is greatly influenced by the quantity and
quality of data collected during the analysis as the risk assessment methodology is
data intensive. Data limitations are discussed in the conclusions of the case study,
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and have a direct impact on the extent of analysis and offer direction for future
work. The data collection step is performed throughout the analysis. For this case
study, data were collected on each of the infrastructure areas of interest. Much of
the infrastructure data were collected in the form of spatial data files as features or
rasters. The infrastructure data were provided by the City of London both spatially
and in reports and databases. As mentioned previously, details on the bridges and
culverts in London are provided in the BMS. Table 3 provides a brief summary of
some of the spatial infrastructure data collected. Each of the layers is referenced to
the projected coordinate system NAD_1983_UTM_Zone_17N and geographic
coordinate system GCS_North_American_1983 to ensure compatibility and data
interoperability.
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Table 3: Spatial infrastructure data collected
Infrastructure
TRANSPORTATION
Arterial Roads
Bridges
Culverts
BUILDINGS
Residential
Commercial
Industrial
STORMWATER
Pipe Network
Outlets
Manholes
CRITICAL FACILITIES
Fire Stations
Police Stations
EMS
Schools
Hospitals

Vector File Type

Associated Attributes

Polyline
Point and polyline
Point

Name, length PQI
Connected to BMS
Connected to BMS

Polygon
Polygon
Polygon

Footprint area
Footprint area
Footprint area

Polyline
Point
Point

Length
n/a
n/a

Point
Point
Point
Point
Point

Name, address, website
Name, address
Name, address
Name, address, website
Name, address

Additional information needed for further calculation of the impact multipliers was
gathered from the Upper Thames Conservation Authority, Statistics Canada and the
Municipal Property Assessment Corporation (MPAC). Interviews were conducted
with City engineers and policy experts to gather qualitative data that was used to
determine the impacts of the condition of the infrastructure on its response to
flooding.

The hazard input data were obtained from the work of Eum and

Simonovic (2009) and Sredojevic and Simonovic (2009) as discussed in Chapter
Two.
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2: Preprocess the spatial data for input in further analysis
Once the infrastructure data are collected, it must be preprocessed for further
analysis. In this case study, the City is divided into 8 sections (refer to Figure 25) for
ease of data processing. Since the spatial analysis techniques used have a high
processing demand, the analysis time was decreased by dividing the region. In
addition, the hydraulic data provided by Sredojevic and Simonovic (2009) was
organized by river reach and section. For compatibility and efficient processing, the
sections were kept the same. These sections are: i) Main Thames Branch, ii) North
Thames Branch, iii) South Thames Branch, iv) Mud Creek, v) Medway, vi)
Pottersburg, vii) Stoney and viii) Dingman.

3: Prepare the floodplain input for analysis
The next step is to collect the floodplain data that are used as the hazard input. For
this study, five flood scenarios are chosen to model varying flood events with and
without climate change factors. Table 4 summarizes the five scenarios considered in
the risk assessment and the geographical extent of flooding modeled by each one.
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Table 4: Flood scenarios considered for risk assessment
Scenario
100 CC_LB

100 CCJJB

250 CC_LB

250 CC_UB

UTRCA250

Details
Climate Change Lower Bound Scenario
100 yr return period
Historical data perturbed
2, 295ha
Climate Change Upper Bound Scenario
100 year return period
Historical data modified by GCM output
2, 579ha
Climate Change Lower Bound Scenario
250 yr return period
Historical data perturbed
2, 595ha
Climate Change Upper Bound Scenario
250 yr return period
Historical data modified by GCM output
2, 787ha
Upper Thames River Conservation
Authority 250 yr return period
Current regulatory floodplain
2, 456ha
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Figure 25: River Sections for data analysis
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The risk assessment methodology is run for each scenario, resulting in five sets of
risk maps. The first four scenarios model the lower and upper bounds of the 100
year and 250 year floods. The return periods are chosen for their significance in
flood management policies in the City of London. The regulatory floodplain used by
the UTRCA is the 250 year flood event. It is currently based on the flood of 1937.
This means that no new development is permitted in the 250 year flood zone (some
exceptions are made for pre-existing structures and essential public utilities and
services). In London, the 100 year flood line is referred to as the "floodway" and is
the area that determines the strictest development guidelines. The area outside of
the floodway, up to the 250 year regulatory floodline, named flood fringe, allows for
slightly more flexible regulations in some areas (although any development must
still meet with City approval) (City of London, 2006).

The 100 and 250 year events are modeled for both lower bound and upper bound
climate scenarios as described in Chapter Two. The fifth scenario is the current
regulatory floodplain used by the City and is provided by the Upper Thames River
Conservation Authority (UTRCA) to be used as a benchmark for comparison
purposes.

However, due to the dissimilarities in calculating the UTRCA profile

compared with the hydraulic modelling, some qualifications must be made. First,
the UTRCA profile was calculated by hand and then geo-referenced in GIS. The
hydraulic modelling performed by the previous study team of Eum and Simonovic
(2009) and Sredojevic and Simonovic (2009) uses current topography and
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computer models to compute the floodplains. Therefore the comparison of the
scenarios is used only as a guideline since the methodologies for determining them
are quite different.

For future data analysis the methodology requires a raster based map for each flood
scenario. However, the UTRCA 250 year flood was only available in the form of a
polygon layer delineating the floodplain and cross section lines for each reach. Being
shapefiles, these layers showed the geographical extent and depth at the cross
sections, but did not store the depths of the 250 year floodplain in a grid. In order to
integrate this scenario with the rest of the scenarios in the methodology, it was
necessary to create a raster file storing the water depth relative to terrain. The
cross section lines were used in the initial hydraulic analysis (using HEC-GeoRAS)
during the generation of the first four scenarios (100CC_LB, 100CC_UB, 250CC_LB
and 250CCJJB). Therefore, to ensure the best possible compatibility between the
scenarios the cross section lines were also used in the generation of the UTRCA
scenario. These lines are used to provide the water surface elevation values which
are then fit with the floodplain polygon.

This was done using the following

procedure:
1) Identify the correct set of cross section markers to be used in the raster
generation
2) Generate a raster populated with the depth values from the cross sections
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3) Subtract the digital terrain model from the newly populated raster to
generate a water surface profile relative to the terrain elevation
4) Intersect the water surface profile with the floodplain boundary to create the
final floodplain raster
The selection of cross section markers was based on the markers used in the
generation of the first four scenarios since the UTRCA file came with additional
cross sections. These cross sections extend across the river and identify the depth
(relative to sea level) of the UTRCA 250 year flood at that location in the river. An
empty grid was created with the same geographical extent and coordinate system as
the other floodplain rasters. This grid was then overlaid with the cross section lines
to create a water surface profile. This was done using a contour line command that
interpolates the depths between the cross sections. To create a raster with the
depths relative to the terrain (comparable to the first four scenarios), map algebra
was used to subtract the digital terrain model from the newly generated flood grid.
This was done using a spatial analyst tool. To create the final depth raster, the grid
was clipped to the floodplain polygon provided by the UTRCA.

For compatibility

with the risk assessment, this floodplain was then clipped to the same extent as each
section depicted in Figure 25. This process enabled the UTRCA floodplain to be used
in the risk assessment methodology.
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4, 5, 6, 7: Combine floodplains and infrastructure, extract inundation data and export
With the input data prepared, the methodology as explained in Chapter Two was
followed. First the infrastructure layers were overlaid with the flood scenario. They
were clipped to the flood extent and the area and/or length of inundation was
calculated for each. These values were exported for the risk index calculations.
Then the layers were modified if necessary into point files and the inundation
depths were extracted at each infrastructure element. Where more than one point
was present for a single infrastructure element, the maximum depth was extracted.
These depths, for each of the five scenarios, were exported to be processed and used
in the risk index calculation (Peck, 2011).

8, 9: Import risk indices and generate risk maps
Once the risk index was calculated, the results were imported back to be mapped. A
set of risk maps was produced for each of the five scenarios. A set contains the
following maps: i) comprehensive risk comparison - an analysis of the total risk
within each DA comprised of all infrastructure elements; ii) infrastructure risk
comparison -analysis of risk to each infrastructure type (roads, bridges and
culverts, buildings, critical facilities and PCPs); iii) pipe networks overlaid on
comprehensive risk comparison for a total of 7 maps per scenario. In addition, three
comparison maps are presented: i) 100CC_LB and 100CC_UB percent difference; ii)
250CC_LB and 250CCJJB percent difference; iii) 250CCJJB and 250UTRCA percent
difference. These three maps provide a method of visualizing the impacts of climate
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change on municipal infrastructure. The total number of risk maps presented is 38.
The maps are shown in the discussion of results, Section 3.3. In the maps, the
highest level of risk is indicated as 1, and the lowest as 0. Since the risk values are
normalized across each scenario, it is important to note that the risk values cannot
be compared across the maps. The individual scenario maps are for information
regarding that scenario only. To compare the scenarios, the three comparison maps
are provided.

10: Prioritization o f the dissemination areas at high risk
Multi-objective analysis was performed on the highest at-risk dissemination areas.
This was done by selecting the ten highest at-risk areas (dissemination areas with
the highest aggregated risk index) and combining the risk to infrastructure data
with additional socio-economic data. This allows for the prioritization of areas of
high risk based on factors that may be of importance to the decision makers.
Compromise Programming was used to perform the ranking based on user-specified
weights associated with infrastructure risk and other social, economic and
environmental criteria considered. The additional socio-economic criteria included
in the analyses are: single mothers (persons per DA), persons over the age of 65
(persons per DA), and prevalence of low income families (% per DA).

The

environmental criterion is expressed using the wetland area within a DA (m2/DA).
These criteria were chosen based on a selection of social vulnerability indicators
identified by Peck et. al. (2007). However, this analysis is highly flexible, therefore
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many other criteria may be chosen based on decision maker’s preference and
available data. The Compro software (Simonovic, 2009) can accommodate up to
100 criteria.

3.3

Discussion of Case Study Results

The following section provides the output of the spatial risk assessment
methodology - the risk maps. These maps detail the risk indices for each scenario
and infrastructure types considered in the City of London, as well as the
comparisons between the scenarios. The first set of maps displays the spatial risk
for each scenario individually that result from an aggregation of all the risk indices.
The second set of maps displays the specific infrastructure elements and their
individual contributions to the aggregated risk.

The third and final section

illustrates the comparison of risk between each event scenario (the 100CC_LB to
100CCJJB; 250CCJLB to 250CCJJB; and 250UTRCA to 250CCJJB) and displays the
contribution of climate change to the overall risk to London's infrastructure.

For all maps, the risk increases from 0 to 1, with 1 being the darkest colour and 0
being white or very light grey. The maps are shown for the entire city, with the
Forks located at the mid-left of the image.
comprehension.

The major roads are labeled for
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The risk maps of the entire City, for the five climate scenarios are shown in Figure
26 to Figure 30.

Figure 26: Risk to all infrastructure for 100 CC_LB
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Figure 27: Risk to all infrastructure for 100 CCJJB
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Figure 28: Risk to all infrastructure for 250 CC_LB
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Figure 29: Risk to all infrastructure for 250 CC_UB
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In the 100 CC_LB scenario, the pollution control plants and barriers dominate the
risk index. The reason for this is that the PCPs have a very high value of vulnerable
equipment and are located in a highly hazardous area along the river. The risk
factor for each barrier is based on the consequences of a breach. Therefore, any
areas behind a barrier which fails will have a high risk index. For the 100 CC_LB
scenario, the highest risk is along the south bank of the Main Thames branch. Due to
the high risk at the PCP, the majority of the DAs have risk indices below 0.25. There
is a high concentration of risk along the Dingman West branch, due to the size of the
DAs and the number of culvert and bridge structures. More detail is examined in the
specific infrastructure maps. For the 100 CCJJB scenario, the spatial distribution of
risk is very similar to the 100 CC_LB. However, the extent of risk is increased to
cover more DAs and the distribution of risk is more even. That is, the risk is more
evenly spread across the City. This is likely due to the fact that under the 100
CCJJB, some barriers fail which lead to high risk being spread across the City.
V

For the 250 CCJLB, there is a sharp contrast in risk distribution. A few areas
containing PCPs and dykes have very high risk values, while the remaining DAs at
risk have a much lower risk index in comparison. This demonstrates that the 250
CC_LB is dominated by PCPs and dyke failure. Conversely, the 250 CCJJB has a more
even distribution of risk since the PCP and dyke failures are more closely matched
with the number of buildings that become catastrophically damaged due to the
flood. Finally, the 250 UTRCA scenario shows a very high concentration of risk in
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the Dingman West area and along the Forks and Main Thames branch.

The

remainders of the DAs at risk are at a very low risk index in comparison to the
others. The reason for this uneven distribution is not immediately apparent and
must be examined further in the detailed infrastructure risk maps.

The second set of maps shows the specific infrastructure across each scenario,
enabling further analysis on the contributions of each element to the overall risk.
They are presented by scenario type, that is, all of the infrastructure for the 100
CC_LB are presented first, followed by the 100 CCJJB and so on. Figure 31 shows
the maps for the roads, bridges and culverts, PCPs, critical infrastructure and
barriers for the 100 CC_LB scenario.
0

Ü)
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Figure 31:100 CC_LB Infrastructure Risk Indices

102

By examining the risk indices for each infrastructure type separately, conclusions
can be drawn on the contributions of each element to the overall risk. For example,
from Figure 30 i), it is evident that a high risk area exists along the south bank of the
Main Thames branch just downstream of the Forks. By examining Figure 31, it is
seen that the same area has risk contributed by barriers, bridges, buildings and a
pollution control plant. Some risk is contributed by roads but it is not as significant
as the other categories.

In addition, the maps can be used to determine

characteristics of one type of infrastructure. One example, shown in Figure 32, is a
magnified view of Greenway Pollution Control Plant under the 100 CCJJB flood
scenario. Here it is possible to see what processes are inundated which is used in
the calculation of the loss of function multiplier.
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Figure 32: Greenway PCP under 100 CC_UB inundation

\

Another case shows the highest risk to roads in the 100 CC_LB scenario occurs
mainly in the Dingman area. Further research into this area can determine the exact
causes - such as the poor pavement quality in the area. In this way, the maps can be
used to prioritize areas of high risk that should be examined in greater detail. The
maps for thelOO CC_UB scenario, in comparison, are shown in Figure 33.
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Figure 33: 100 C C JJB Infrastructure Risk Indices

By comparing Figure 31 and Figure 33, it is apparent that the risk distribution for
each infrastructure element does not change a great deal. The main difference is in
the spatial extent of risk among the DAs which increases for all infrastructure types.

The use of spatial analysis within a flood risk assessment enables the consideration
of infrastructure and other vulnerable items which might otherwise be neglected.
For the City of London, the storm sewer pipe network was provided as a polyline
shapefile. The project extent did not allow for the detailed analytical analysis of the
risk to the entire network under flooding conditions. However, by introducing G1S,
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spatial risk analysis was performed across the network by overlaying the final risk
index layer with the pipe network layer for each flood scenario of interest. Varying
levels of analysis can be performed dependent on the data available for the network.
Where pipe condition data exist, they can be combined with the shapefile and risk
map to show the areas of the network at highest risk. With no external data on the
pipe network, it is still possible to show where the highest risk index occurs, and
which sections of the network are within this boundary.

This information can then be used to inform decision makers of areas which will be
critical during a flood event and so should be maintained and inspected to ensure
maximum functionality.

This type of information is especially useful for

infrastructure pertaining to stormwater management. The same process can be
used on stormwater management facilities.

Layers showing the ponds may be

overlaid with risk index maps to identify and highlight ponds or facilities which are
within high risk areas.

These facilities should be rated at high priority for

maintenance and possible enlargement.

Figure 34 shows an overlay of the stormwater sewer network (pipes) and the 100
CCJJB scenario. This is an example of how spatial analysis can be used to provide
information on the risk to infrastructure where no detailed analytical analysis has
been done. It can be seen that the majority of the sewer network lies outside the
high risk areas. However, the area located to the east of the Forks (downtown
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London) is an area of high risk that also has a dense concentration of sewer pipes.
Therefore recommendations can be made that the pipes in this area be closely
inspected and maintained to avoid further vulnerabilities. If data become available
on the condition of the pipes, they can be added to the map to provide more detailed
analysis.

Risk Index
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Figure 34: Spatial overlay showing areas at risk combined with the stormwater
sewer network
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The next set of maps shows the contribution of climate change to the risk to
infrastructure across the City. The first two maps [Figure 35) show the percent
difference between the lower bound and upper bound scenarios for both return
periods.
P e r c e n t C h a n g e in R is k In d e x
1 0 0 C C _ L B to 1 0 0 C C _ U B
L o n d o n , O n ta r io
1
2

3

Figure 35: Percent increase in risk index between the lower and upper bound, 100
and 250 year return events

In examining the overall change in risk, DAs that illustrated a very large percent
increase were examined to determine if the large increase was due to an actual
increase in risk or due to an area of very minimal [or no) risk becoming an area
displaying some risk. For example, if a DA has no inundation in the lower bound
scenario and very minimal inundation in the upper bound scenario, the percent
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increase in risk will be infinitely high - even though in reality the actual risk
increase is not large. In these cases where the change in risk was inflated due to a
very small or non-existent initial risk index, the DAs were neglected. Thus, the
overall increase (or decrease) in risk in the comparison analysis is more accurately
represented.

For the 100 year flood, the map shows that there is a large increase in the risk due to
climate change. Many DAs along the north, south and Medway branch display
increases of at least 100%, and in many cases, of over 300%. The areas along the
west Dingman branch does not appear to be affected strongly by climate change;
however it does undergo a slight increase in risk between 5 and 25 percent. On the
other hand, the 250 year flood shows a more evenly distributed, but higher increase
overall. There is a large increase in risk due to climate change in the Dingman area
and along the north Thames. There are less critical (more than 300% change) areas
here than in the change between the 100 year flood scenarios, but the overall
change in risk is higher.

The comparison between the 250UTRCA and 250CCJJB scenarios is shown in
Figure 36. Recall that the methods for creating the water surface profile were not
consistent for these two scenarios. Therefore the comparison should be taken with
the caveat that more detailed analysis should be done before basing any critical
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policy decisions on the results of the comparison. The change in risk due to climate
does not appear as severe (spatially) as in the difference between the 250 CC_LB
and the 250 CCJJB . However, the overall trend of the map does show an increase in
risk between the two scenarios.

The majority of the added risk occurs in the

Pottersburg area, Dingman area and west London. The reason for the large increase
in risk in the Pottersburg area is that the current, UTRCA floodplain does not
accurately model the damming effect of a culvert and rail embankment located west
of Clarke, midway between Gore and Trafalgar. During the modeled 250 CC_UB
scenario, the culvert reaches capacity and the rail embankment acts as a dam,
causing the water to back up and flood the Pottersburg area.
P ercen t C h an g e in R is k index
25 0 U T R C A to 250 C C _ U B
London, O ntario

A

\

Figure 36: Percent increase in risk between the 250UTRCA and 250CCJJB scenario
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The spatial risk maps are very useful for quickly identifying and prioritizing areas at
high risk.

Further inspection of the detailed infrastructure maps lead to more

information on the specific infrastructure elements which contribute to the overall
risk. Areas on the map which have been identified as high risk should be studied
further to determine specific courses of action and policies to enact. The ten areas
with the highest risk index in the 100 CCJJB scenario are chosen to perform a multi
objective analysis. The data for the ten highest risk areas is presented in Table 5.
The socio-economic data is obtained from Statistics Canada, census 2006.

Table 5: Input data for multi-objective analysis

DA

M axim ize

M a xim ize

M a xim ize

M a xim ize

M a xim ize

R IS K

S O C IA L

S O C IA L

E C O N O M IC

E N V IR O N M E N T

100 C C UB

Sin gle M o th e r

6 5 + A ge

L o w In co m e

W etlan d

(RI)

(ppi)

fp p B

(% i

(m 2)

35390035

1 1 7 5 3 5 8 .8

10

125

10.5

0

35390036

6 2 8 3 3 7 .7

0

45

36.4

0

35390325

6 0 7 8 4 1 .9

40

60

11.4

0

35390313

5 71 3 8 7 .0

20

75

7.1

0

35390092

4 3 0 9 2 2 .4

35

60

6.9

0

35390326

3 7 5 0 2 6 .8

10

60

23.5

0

35390429

3 4 4 5 1 8 .8

30

40

0

0

35390064

267 82 5 .1

10

160

11.5

0

35390890

2 2 4 6 9 0 .4

10

245

12.5

0

35390706

1 99 42 9 .5

10

225

4.7

0

It is of interest to note that no wetlands are present among the ten most at-risk DAs
in the 100 CCJJB. The first wetland appears in the 47th highest DA. Therefore, the
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environmental factor is left out of the multi-objective analysis. The following four
criteria are evaluated:
Case 1: Equal weights fall criteria of equal importance)
Indicator
Risk
Single Mother
65+ years of age
Weight
100
100
100

Low Income
100

Case 2: Risk given the highest weight (only risk to municipal infrastructure is
important-)
________________________________________ _______________________________________
Indicator
Risk
Single Mother
65+ years of age Low Income
Weight
100
1
1
1

Case 3: Low Income given the hig lest weight (only economic status s important)
65+years of age Low Income
Indicator
Risk
Single Mother
1
1
100
Weight
1

Indicator
Weight

Risk
1

Single Mother
100

65+ years of age
100

Low Income
100

When input to Compro, the weights are normalized and the program performs a
multi-objective analysis using a distance parameter (measuring the distance of each
alternative to the ideal point) to rank the alternatives (here DAs). The results from
the four cases are shown in Figure 37:
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Casel
DA
35390035
35390036
35390325
35390313
35390092
35390326

Rank
[1]

[8]
[2]
m

[6]
[7]
[1 0 ]

35390064
35390890
35390706

rsi

[3]

M

Case 2
DA
Rank
35390035 [11
35390036 [21
35390325 [3]
35390313 [41
35390092 [51
35390326 _ [ 6 L
35390429 [7]
35390064 [8]
35390890 [9]

_______

Case 3
Case4
DA
Rank
DA
Rank
35390035 [51
35390035 [51
35390036 i l ] ________
35390036 [91
35390325 [41
35390325 [31
35390313 [7]
35390313 _[§ ]_
35390092 [81
35390092 [61
35390326 [21
35390326 [71
jjjy U 4 z y
35390064 [61
135390064
35390890 [3]
35390890 i l ] _______
35390706 _[9J________
35390706 j 4 ]
Figure 37: Results from multi-objective optimization

The rank is from highest [1] to lowest [10] with highest meaning the most critical or most important. The results from the cases are shown in Figure 38 through
Figure 41. The five highest ranked DAs (out of a total of 10) are indicated by the
colour legend. The remaining five DAs are indicated on the map in brown.
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05

15

Figure 38: Spatial distribution of prioritized risk among DAs with equal preference
given to all criteria under multi-objective analysis (Case 1)

%

Figure 39: Spatial distribution of prioritized risk among DAs when highest
preference is given to the infrastructure risk criteria under multi-objective analysis
(Case 2]
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Figure 40: Spatial distribution of prioritized risk among DAs when highest
preference is given to the low income criteria under multi-objective analysis (Case

3)

Figure 41: Spatial distribution of prioritized risk among DAs when highest
preference is given to the socio-economic criteria under multi-objective analysis
(Case 4)
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It is interesting to note that the prioritization of the DAs for different weighting
schemes changes. The most robust solution (the DA which maintains the most
constant, high rank throughout the cases) is DA 35390325 which has a rank of
2,3,4,3 for each of the respective cases. This is the area located at the southeast
intersection of Oxford St. W. and Wharncliffe Rd. The significance of the most robust
solution is that it is the area which is consistently displayed as being critical despite
the weight distribution.

Therefore, the City should focus on this area first for

mitigation and adaptation policies. Another area of interest is DA 35390890. This is
the area which encompasses the Coves. The area has a high rank for cases 1, 3 and 4
(ranked 3, 3 and 1, respectively) however it has a low rank of 9 for case 2 when only
risk is considered. This is a good example of the importance of using multi-criteria
decision making.

If the decision maker cares only about the risk to municipal

infrastructure, the Coves area will be neglected (in this set of 10 DAs). However, if
the decision maker is concerned with other socio-economic vulnerabilities, the
Coves will receive prioritized attention.

These results are of high value to the City of London. They indicate the most at-risk
areas that result from the changes in flood patterns due to climate change that can
be expected in the future. Further, the ten highest at-risk areas are ranked for socio
economic vulnerability indicators to give a more comprehensive assessment and
provide a prioritized list of critical areas. These results are used to form
recommendations on engineering, operations and policy at the City which have been
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relayed to the City council via formal reports and a workshop. It is hoped that these
results will be used to most efficiently implement policies and direct spending so
that the City is well prepared for future flood events.

3.4

L imitations of the Case Study

Some limitations to the case study results are as follows:
Data
The methodology is data intensive especially when dealing with a municipality the
size of London.

The databases at the City are poorly organized and not well

documented. Therefore, uncertainty is introduced due to inconsistencies or lack of
data.

For example, the building footprint file has documented errors when

compared with data provided by MPAC.

In addition, there is no supporting

documentation for any shapefiles provided by the City. The layers were not georeferenced: as explained in the methodology section this was addressed and the
layers were added to the same co-ordinate system.

However, the original co

ordinate system used was assumed to be the NAD_1983_UTM_Zone_17N since no
records of file creation were available. In addition to the data quality, the quantity
varied for each infrastructure type. In general, the building response to flooding
was well documented with stage/damage curves available. Other systems such as
the pipe networks were lacking in relevant data.
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Resolution
The resolution of the floodplain raster is 2m. Therefore the maximum resolution
used in the study is 2m. This is sufficient for the risk analysis on the city-wide scale,
but could be improved to provide for more detailed infrastructure/flood interaction
analysis.

Flood Modelling
The risk assessment considered only infrastructure within the floodplain as
modelled. The hydrologic and hydraulic models were run for the case where the
river overtops its banks, but not for overland flow. This means that infrastructure
risk due to flooding caused by impermeable areas, ponding, sewer surcharges and
the like is not considered.

Railways and Utilities
Railroads and utilities are not considered in this study. However, in the event of a
flood, both systems are expected to impact the recovery and total damages. Even
though the City does not own the rails or utilities, indirect economic damages could
result from a loss of function of any of these systems.
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Chapter F our: Conclusions and Recommendations
4.1

C onclusions

With the projected increase in extreme hydrologic events including flooding due to
climate change across Canada, it is increasingly important to practice proper
floodplain management. The damages resulting from flooding are extensive and the
cost to a municipality can be extreme.

The climate change mitigation and

adaptation strategies called for by Natural Resources Canada (Lemmen and Warren,
2004) stress the importance of understanding the risk to municipalities resulting
from these climate stressors.

In addition, the finding that Canadian infrastructure

failure will become common as a result of changes in climate identifies the need for
a municipality-wide infrastructure risk assessment due to climate change. The risk
assessment is a proven tool used to identify risk to an area. The findings from the
assessment are used to impact policies and prioritize mitigation strategies.

The spatial risk analysis methodology is developed as an important tool for
quantifying the risk to municipal infrastructure due to climate change. By combining
spatial analysis and data processing software, a comprehensive risk assessment that
calculates the risk to each infrastructure element in the municipality can be
performed. Further, it introduces a method by which the risk to each infrastructure
element within the City can be aggregated by dissemination area to provide a spatial
distribution of risk. The resulting risk maps and prioritized list of at-risk areas
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provide decision makers and policy experts with information that is key to
successful floodplain management. Mapping the spatial variability of risk is an
integral part of the municipal decision making process and provides an accessible
means for communicating the results of the analysis with the experts and decision
makers. It allows for the assessment of spatial risk and vulnerability that may be lost
otherwise.

The integrated risk assessment of municipal infrastructure due to climate change
methodology is introduced to address the need for a comprehensive, city-wide,
infrastructure risk assessment. The Risk Index is introduced to calculate the hazard
and vulnerability of a city's infrastructure, and is then input to risk maps for
visualization and prioritization.

The method of combining GIS tools for spatial

analysis, with the calculation of the risk index, is a powerful technique that allows
for an overall visualization of risk to the city by dissemination area combined with
the ability to identify the risk to each infrastructure element contained within the
dissemination area. The result is the opportunity to make informed decisions on
funding and adaptation policies and prioritize engineering action to address the risk
in the city. By implementing a comprehensive infrastructure risk assessment a city
can mitigate future damages.
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The methodology uses spatial analysis techniques and GIS for the management of
the large datasets that are required. Data are gathered on the infrastructure in the
municipality in various forms, and are largely GIS-based. The data are transformed
to the correct coordinate system and prepared for integration with the hazard input.
The hazard input is derived from the hydrologic and hydraulic modelling performed
as an earlier contribution to the project. The hydraulic analysis is provided as
spatial data with a flood depth grid and floodplain extent. This is used as input and
combined with the infrastructure data using spatial techniques.

The study uses the approach of modelling a range of climate scenarios to provide a
lower and upper bound of risk that can be expected under climate change. The
lower bound scenario can be used as the benchmark scenario to calculate the
percent of risk added by climate change (upper bound scenario). By comparing the
two scenarios for a given flood event (eg the 100 year flood) conclusions can be
drawn on the consequences of climate change to a given region. The hydraulic
analysis results in a water surface profile for each scenario. The scenarios consider
the upper and lower bounds of the 100 year flood and 250 year flood. An additional
scenario is considered in the case study that includes the current regulatory
floodplain provided by the Upper Thames River Conservation Authority. In total,
five scenarios are used in the case study. The UTRCA floodplain was processed to
make it compatible with the methodology since it was not created using the same
hydraulic modelling process as the first four scenarios.
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The overlay function is used to extract the depth and extent of flood inundation
which is then used as the main indicator of damage and risk to the infrastructure
due to flooding. The extent is extracted using the intersect command and returns
the area or length of inundation using a field calculator. The depth of inundation is
extracted using a point-on-raster data extraction tool once all the infrastructure
layers have been converted to point layers.

This data is exported for further

computations and the final risk indices are used as input to form the final risk maps.

Risk maps are created for each scenario (the 100 CC_LB, 100 CCJJB , 250 CC_UB, and
250 UTRCA) in the case study. These maps are further divided into risk maps for
each infrastructure element, for each scenario. Additionally, comparison maps are
created which show the percent increase from the lower bound scenario to the
upper bound scenario in both the 100 and 250 year floods, and the increase from
the current UTRCA regulatory 250 year floodplain to the 250 year upper bound
scenario.

It is found that there is marked increase in risk resulting from climate change in
both the 100 and 250 year floods. The results from the case study have been used to
provide engineering recommendations to the City of London and recommendations
that should affect future policy direction.
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The pollution control plants and flood barriers dominate the risk indices. This is
due to the high economic value and high hazard probability of the PCPs and the high
consequences that are expected in the event of a barrier failing. Additionally, it is
found that the risk to the City increases markedly for the 100 and 250 year events,
as well as from the 250 UTRCA to the 250 CCJJB scenarios. By applying multi
objective analysis to the ten highest at-risk areas, it is found that the introduction of
socio-economic factors have a large impact on the distribution of risk. The addition
of the social vulnerability indicators: single mother, over 65 years of age and low
income families caused a different prioritization of at-risk areas than if risk was the
only consideration. This shows that the values of the decision makers impact the
areas which are considered high priority. The one area which stayed consistently
ranked near the top is DA 35390325 which is located at the southeast intersection
of Oxford St. W. and Wharncliffe Rd. This area should be given high priority in the
application of mitigation and adaptation strategies in the future.

4.2

Future W ork

The successful application of the risk methodology and spatial analysis tools to the
City of London demonstrates that the integrated infrastructure risk assessment is a
useful means of evaluating risk due to climate change in Canadian municipalities.
Following the findings of Natural Resources Canada, it is recommended that the
methodology be adapted and applied to municipalities across Canada to mitigate the
impacts of climate change and extreme hydrological events (Lemmen and Warren,
2004).
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An area for future work is to expand the entire risk assessment process to include
other climate change variables. The output of the weather generator includes three
variables: precipitation, minimum temperature and maximum temperature.
Therefore the methodology could be expanded to incorporate an extreme
temperature hazard. Additionally, the methodology considers solely flooding from
the river; this should be expanded to include internal flooding (overland flow). The
inclusion of internal flooding will require additional hydraulic modelling of the
municipal storm and sewer networks under climate change. The internal flooding
should then be combined with the flooding from the river to produce a
comprehensive floodplain for each climate scenario. The risk methodology should
then be applied using the updated floodplains for an overall risk assessment.
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